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INTRODUCTION 

I n  March 1975,  Amoco O i l  Research, under c o n t r a c t  wi th  EPRI, began 
a three-year p r o j e c t  on l i que fac t ion  c a t a l y s i s  (1,2). The s p e c i f i c  purpose 
was t o  develop one o r  more supe r io r  c a t a l y s t s  f o r  hydro l ique fac t ion  processes  
i n  advanced s t a g e s  of development, such a s  the  H-Coal process .  The primary 
i n t e r e s t  was i n  the  conversion o f  coa l  t o  a clean-burning b o i l e r  f u e l ,  low 
i n  s u l f u r  and ash.  

The hydro l iquefac t ion  of coa l  i s  a complex process  which involves  

An improved c a t a l y s t  f o r  coa l  l i q u e f a c t i o n  must s a t i s f y  
c lose  i n t e r a c t i o n  between t h e  s o l u b i l i z e d  c o a l ,  hydrogen donor so lven t ,  
and c a t a l y s t .  
s eve ra l  requirements,  bu t  two key a s p e c t s  a r e  h igh  i n i t i a l  a c t i v i t y  f o r  
l i que fac t ion -desu l fu r i za t ion  and good ag ing  c h a r a c t e r i s t i c s .  

I n i t i a l  c a t a l y s t  performance w a 6  determined in a batch  test un i t .  
A l a r g e  number of c a t a l y s t s ,  both commercially a v a i l a b l e  and experimental ,  
have been screened f o r  i n i t i a l  performance. C a t a l y s t s  s e l e c t e d  on the  
b a s i s  of  t h e i r  phys ica l  and chemical p r o p e r t i e s  a s  w e l l  as i n i t i a l  per- 
formance i n  t h e  sc reen ing  test were then  sub jec t ed  t o  continuous flow 
opera t ion  f o r  approximately one week t o  determine t h e i r  e a r l y  deac t iva t ion  
behavior.  
t o  f a c t o r s  such  as coking, s i n t e r i n g  and meta ls  depos i t ion .  Therefore a 
c r u c i a l  a spec t  i n  developing a coa l  l i q u e f a c t i o n  c a t a l y s t  is continuous 
opera t ion  f o r  extended per iods .  

Good i n i t i a l  performance of a c a t a l y s t  may r a p i d l y  dec l ine  due 

EXPERIMENTAL 

Batch Screening Unit 

The screening  of  c a t a l y s t s  f o r  i n i t i a l  performance w a s  c a r r i e d  out  
i n  a one - l i t e r  s t i r r e d  au toc lave .  
(60-100 mesh g ranu les ,  p red r i ed ) ,  150 g coa l  and about 300 g l i que fac t ion  
so lven t  w a s  charged t o  t h e  au toc lave  a t  ambient condi t ions .  The coa l  w a s  
I l l i n o i s  No. 6 from Burning S t a r  Mine, ground to pass  a 40 mesh screen .  
The s o l v e n t  cons i s t ed  p r imar i ly  of mono-, di- ,  and t r imethylnaphtha lenes  
derived from petroleum r e f i n i n g  and was e s s e n t i a l l y  f r e e  of s u l f u r ,  n i t r o -  
gen and oxygen. 
and r e a c t o r  temperature w a s  r a i sed  t o  750°F i n  about 60 minutes.  

A mixture of  10 grams of c a t a l y s t  

Pressure ,  hydrogen flow rate and mixing speed were set 
Af te r  
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r eac t ion  a t  t h a t  temperature f o r  40 t o  60 minutes,  t h e  r e a c t o r  w a s  
cooled r a p i d l y  f o r  removal of t h e  r e a c t o r  con ten t s  a t  ambient condi t ions .  
The t e s t  cond i t ions  are l i s t e d  below. 

Ca ta lys t  Screening Conditions 

Ca ta lys t  
Coal, I l l i n o i s  No. 6 
Solvent 
Pressure  
Hydrogen flow rate 
Mixing speed 
Temperature (maximum) 
Reaction time a t  750°F 

l og ,  60-100 mesh 
150g 
300g 
2000 p s i g  
3 f t 3 / h r  
1800 rpm 
750°F 
40-60 minutes 

Product Workup and Analysis--Batch Unit  

Evaluation of c a t a l y s t  performance w a s  based on t h e  fo l lowing  pro- 
cedure f o r  s epa ra t ing  l i q u i d  product from s o l i d  res idue .  The r e a c t o r  
conten ts  were vacuum f i l t e r e d  and t h e  f i l t r a t e  segrega ted .  Res idua l  
material w a s  recovered from t h e  r e a c t o r  wi th  benzene and washed through 
t h e  f i l t e r  cake. A f t e r  a d d i t i o n a l  washing wi th  benzene, t he  f i l t e r  cake 
and paper were Soxhlet  e x t r a c t e d  f o r  1 6  hours  wi th  benzene. The benzene 
so lu t ions  were combined and d i s t i l l e d  t o  recover  an e x t r a c t  t h a t  was added 
t o  the  o r i g i n a l  f i l t r a t e .  The f i n a l  l i q u i d  which con ta ins  c o a l  product ,  
l i q u e f a c t i o n  so lven t  and a small amount of r e s i d u a l  benzene w a s  sub jec t ed  
t o  e lementa l  a n a l y s i s  t o  determine product q u a l i t y .  The a n a l y s i s  w a s  
cor rec ted  f o r  water and benzene p resen t .  The s o l i d  r e s idue  w a s  d r i e d  a t  
16OoC i n  a vacuum oven. A mois ture  and a sh  f r e e  conversion w a s  def ined  on 
t h e  b a s i s  of s o l i d  r e s idue  wi th  t h e  assumption t h a t  any change i n  t h e  
weight of  t h e  c a t a l y s t ,  which w a s  no t  s epa ra t ed  from t h e  c o a l  r e s idue ,  
would b e  of minor importance. Conversion, thus  de f ined ,  has  been re- 
fe r red  t o  as  benzene s o l u b l e  conversion although, s t r i c t l y  speaking, t h e  
f i l t e r e d  product i n i t i a l l y  segrega ted  i n  t h e  product workup conta ined  some 
converted ma te r i a l  t h a t  is i n s o l u b l e  i n  benzene. 

Cata lys t  Performance Indices--Batch Unit  

L iquefac t ion  conversion and t h e  s u l f u r  conten t  of t h e  c o a l  l i q u i d  
were used as t h e  primary i n d i c a t o r s  of c a t a l y s t  performance. 
obtained i n  t h e  absence of  c a t a l y s t  provided t h e  r e a c t i o n  b a s e l i n e  whi le  
F i l t r o l  cobalt-molybdenum on alumina w a s  s e l e c t e d  a s  t h e  r e fe rence  f o r  
comparing i n i t i a l  c a t a l y s t  performance. 

The r e s u l t s  

Under o therwise  cons t an t  cond i t ions ,  conversion of coa l  t o  l i q u i d  
product depends on r e a c t i o n  t i m e  and whether o r  n o t  a hydrogenation 
c a t a l y s t  i s  p resen t .  Simple r e a c t i o n  k i n e t i c s  do no t  de f ine  t h e  inc rease  
i n  conversion wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  Hence, some means o t h e r  than  
t h e  r eac t ion  rate cons t an t  is needed t o  a s s e s s  c a t a l y s t  a c t i v i t y .  I f  t h e  
conversion obta ined  without added c a t a l y s t  can be  viewed as t h e  r e s u l t  of 
noncatalyzed o r  thermal r e a c t i o n ,  then a t  any given r e a c t i o n  t i m e  t h e  
increased  conversion obta ined  wi th  c a t a l y s t  p re sen t  is i n d i c a t i v e  of 
c a t a l y s t  performance. The r a t i o  o f  t h i s  i n c r e a s e  t o  t h a t  ob ta ined  wi th  
t h e  r e fe rence  c a t a l y s t ,  F i l t r o l  HPC-5, i s  def ined  a s  the  conversion index. 
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There i s  a l s o  a corresponding decrease  i n  product s u l f u r  conten t  a s  
r eac t ion  t i m e  is increased .  A s  with  conversion, a d e s u l f u r i z a t i o n  index 
can be  def ined  as t h e  decrease  i n  product s u l f u r  from t h e  noncatalyzed 
base l ine  r e l a t i v e  t o  t h a t  obtained wi th  t h e  r e fe rence  c a t a l y s t  a t  t h e  
same r e a c t i o n  t i m e .  

Continuous Tes t ing  Unit 

The continuous p i l o t  p l an t  c o n s i s t s  of t h r e e  main s e c t i o n s  a s  shown 
i n  t h e  flow diagram (Figure  1). The f i r s t  s e c t i o n  c a l l e d  t h e  feed  module 
conta ins  a l l  equipment f o r  feeding  coa l  s l u r r y  and h igh  p res su re  hydrogen. 
The c e n t e r  s e c t i o n  which is t h e  r e a c t o r  module con ta ins  a 1-liter s t i r r e d  
au toc lave  and l i q u i d  product recovery system. The t h i r d  module conta ins  
t h e  gas let-down, metering and sampling f a c i l i t i e s .  The des ign  condi t ions  
inc lude  a maximum working p res su re  and temperature of 4000 p s i g  and 900°F. 
Once-through hydrogen is used i n  t h e  c a t a l y s t  a c t i v i t y  test ,  bu t  gas r ecyc le  
has  been provided. The once-through ope ra t ion  is p re fe r r ed  f o r  ag ing  
tests s i n c e  hydrogen p res su re  i s  maintained cons t an t ,  independent of 
t h e  l i g h t  ends production. 

The combined stream of coa l  s l u r r y  and hydrogen gas  i s  cont inuous ly  
in t roduced  i n t o  t h e  bottom of t h e  l i q u e f a c t i o n  r e a c t o r  and r eac t ion  products 
withdrawn through a v e r t i c a l  overflow tube. 
given i n  Figure 2 .  Reactor holdup can be  va r i ed  by changing t h e  overflow 
tube  he igh t .  A 60 cc  c a t a l y s t  charge i s  r e t a i n e d  i n  a s t a t i o n a r y  annular  
baske t .  
a s su res  good mixing and con tac t ing  of t h e  c o a l  s l u r r y  wi th  t h e  c a t a l y s t .  

Test Conditions--Continuous Unit 

A schematic o f  t h e  r e a c t o r  i s  

A s p e c i a l l y  designed b l ade  impel le r  p l u s  h igh  a g i t a t i o n  ra te  

The nominal ope ra t ing  condi t ions  used f o r  c a t a l y s t  t e s t i n g  i n  t h e  
continuous p i l o t  p l a n t  are a s  follows: 

Cata lys t  Test Conditions 

Pressure  
Temperature 
Hydrogen feed  r a t e  
S lu r ry  feed  ra te  
S lu r ry  concent ra t ion  
LHSV 
Residence t i m e  
Ca ta lys t  charge  
Mixing speed 

137 a t m  (2000 ps ig )  
427OC (800°F) 
170 l i t e r s / h r  (6 s c fh )  
400 gmJhr 
20 wtX,  -400 mesh coa l  ( I l l .  1/6) 
1.33  gm coa l /h r  - c c  c a t  
48 minutes 
60 cc 
1500 rpm 

Product Workup--Continuous Unit 

Product workup requi red  cons iderable  a t t e n t i o n  i n  t h i s  c a t a l y s t  
development program. To measure c a t a l y s t  performance, one needs inform- 
a t i o n  on coa l  conversion and product q u a l i t y .  However, t h e  informat ion  
m u s t  s a t i s f y  c e r t a i n  requirements s p e c i f i c  t o  t h e  development program. 
This  i nc ludes  con t ro l  of t h e  aging test, a r ap id  measurement based on a 
small sample, and eva lua t ion  of t h e  product q u a l i t y ,  us ing  a l a r g e r  sample 
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Coal l i q u i d s  a r e  normally cha rac t e r i zed  by s o l u b i l i t y  i n  a given 
so lvent .  In so lub le s  i n  coa l  product m y  be determined by d i f f e r e n t  
procedures which vary  i n  e x t r a c t i o n  so lven t ;  t he re fo re ,  t he  so lven t  used 
def ines  conversion. 

The product workup methods s e l e c t e d  inc lude  two micro and one macro 
res idue  method using benzene and t e t r ahydro fu ran  (THF). Conversion based 
on the micro-benzene method (pressur ized  f i l t r a t i o n  us ing  m i l l i p o r e  ca r t -  
r i dge  f i l t e r )  provides a quick index  of product q u a l i t y .  Benzene so lub le  
ma te r i a l s ,  such a s  asphal tenes  and o i l s ,  r ep resen t  t he  upgraded f r a c t i o n  of 
b o i l e r  f u e l .  Conversion based on the  micro-THF method measures b o i l e r  f u e l  
y i e l d .  
sample f o r  b o i l i n g  range de termina t ion  and elemental  a n a l y s i s .  
THF r e s idue  method (Soxhlet  e x t r a c t i o n )  i s  used f o r  t h i s  purpose. 

Deta i led  eva lua t ion  of t h e  l i q u i d  c o a l  product r e q u i r e s  a l a r g e r  
The macro- 

DISCUSSION 
BATCH SCREENING RESULTS 

Cobalt-Molybdenum Composition 

The e f f e c t  of varying t h e  cobalt-molybdenum composition was examined 
t o  determine i f  t h e  optimum c a t a l y s t  composition f o r  coa l  l i q u e f a c t i o n  
might be d i f f e r e n t  than  t h a t  t y p i c a l l y  used i n  commercial desu l fu r i za t ion  
c a t a l y s t s  and t o  ga in  an i n d i c a t i o n  of t he  impact of d i f f e rences  i n  
c a t a l y s t  composition on performance i n  the  screening  test. The s tudy  was 
made with two alumina suppor ts  having d i f f e r e n t  su r f ace  proper t ies - -  
Cyanamid PA (ca.  300 m2/g, 60 8) and Kaiser KSA Light (ca.  180 m2/g, 160 %. 

With both aluminas, conversion index increased  r ap id ly  up to about 
10  w t %  MOO-, and then  very slowly a t  h igher  molybdena conten ts  (Figure 3).  
Both c a t a l y s t  systems responded s i m i l a r l y  t o  coba l t  wi th  t h e  optimum ly ing  
between 2 and 4 wtX COO. The Kaiser  alumina. however, provided a more 
a c t i v e  c a t a l y s t  than Cyanamid PA. 

For desu l fu r i za t ion ,  t h e  two suppor ts  were i n d i s t i n g u i s h a b l e  (Figure 4 ) .  
Like conversion, d e s u l f u r i z a t i o n  index  increased  r a p i d l y  up t o  about 10 w t %  
MOO but then l eve led  of f  as molybdena conten t  was increased  f u r t h e r .  The 
opt?mum coba l t  conten t  f o r  d e s u l f u r i z a t i o n  was a l s o  between 2 and 4 w t %  COO. 
However, desu l fu r i zah ion  was much more s e n s i t i v e  than  conversion when t h e  
cobal t  conten t  w a s  reduced t o  zero .  

Since c a t a l y s t s  made wi th  two suppor ts  having d i f f e r e n t  su r f ace  
p rope r t i e s  showed a s i m i l a r  r e l a t i o n s h i p  of performance t o  composition, 
i t  appears reasonable  t h a t  a s i n g l e  composition o f ,  say,  3 w t X  COO and 
15% Moo3 would be appropr i a t e  f o r  s tudying  the  e f f e c t s  of t he  support  on 
i n i t i a l  c a t a l y s t  performance. Furthermore, small dev ia t ions  from t h i s  
composition should have only a minor e f f e c t  on c a t a l y s t  performance. 

Surface Proper ty  Ef fec t s  

The study on su r face  p r o p e r t i e s  of cobalt-molybdenum c a t a l y s t s  
focused p r i m r i l y  on the  su r face  a r e a  and average pore diameter.  
sur face  p r o p e r t i e s  a r e  considered important because the  number of c a t a l y t i c  
s i t e s  a v a i l a b l e  depends on s u r f a c e  a r e a  and t h e  a c c e s s i b i l i t y  of these  
sites is  l imi t ed  by t h e  pore s t r u c t u r e .  
i nd ica to r  of po re  s t r u c t u r e  although t h e  d i s t r i b u t i o n  of pore s i z e s  m y  
wel l  be more important.  
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Consider,  f o r  example, t h e  r e l a t i o n s h i p  o f  i n i t i a l  performance t o  
the  s t r u c t u r a l  p r o p e r t i e s  of t h e  alumina suppor ted  c a t a l y s t s .  
t O  su r f ace  a r e a ,  conversion index (CI) is r e l a t i v e l y  cons t an t  over  a wide 
range whi le  d e s u l f u r i z a t i o n  index  (S I )  i nc reases  wi th  inc reas ing  su r face  
a r e a  (F igure  5). A corresponding d i s p a r i t y  of performance is shown wi th  
r e spec t  t o  average  pore  diameter (Figure 6 ) .  The p r e f e r r e d  average pore  
diameter f o r  d e s u l f u r i z a t i o n  appears  t o  be  sma l l e r  than  f o r  conversion. 

These observa t ions  provide a b a s i s  f o r  s e l e c t i n g  catalysts  f o r  

With r e spec t  

continuous t e s t i n g .  
might be reso lved  by a c l o s e r  look a t  such f a c t o r s  as pore  s i z e  d i s t r i b u t i o n .  
However, app ropr i a t e  choices  f o r  de te rmining  t h e  r e l a t i o n  of a c t i v i t y  
maintenance t o  s u r f a c e  p r o p e r t i e s  should  inc lude  aluminas wi th  average  
pore  d iameters  i n  t h e  range of 100 t o  200 8. 

There is admi t ted ly  some s c a t t e r  i n  t h e  d a t a  which 

DISCUSSION-- 
CONTINUOUS TESTING RESULTS 

The shor t - te rm aging behavior w i l l  now be  d i scussed  f o r  a v a r i e t y  o f  
c a t a l y s t s  t e s t e d  i n  t h e  continuous p i l o t  p l a n t .  The main c a t a l y s t  para- 
meters w e  have focused on are su r face  p r o p e r t i e s ,  impregnating procedures ,  
and type of c a t a l y t i c  metals. 

Sur face  P r o p e r t i e s  and Imprewat ion  Procedures 

The e f f e c t  of su r f ace  p r o p e r t i e s  and impregnating methods w a s  in- 
ves t iga t ed  by impregnating a series of alumina suppor t s  wi th  c o b a l t  and 
molybdenum. A phosphoric a c i d  impregnating a i d  was used i n  some cases 
to  a d j u s t  t h e  a c i d i t y  of t h e  impregnating so lu t ion .  Again, t o  f a c i l i t a t e  
da t a  i n t e r p r e t a t i o n ,  s u r f a c e  a r e a  and average  pore  diameter w e r e  t h e  two 
parameters used t o  c h a r a c t e r i z e  t h e  su r face  p r o p e r t i e s ,  al though t h e  
d i s t r i b u t i o n  of po re  s i z e s  should a l s o  be  considered. The va r ious  CoMo 
on alumina c a t a l y s t s  t e s t e d  a r e  l i s t e d  i n  Table I .  

Table I. CoMo on Alumina Ca ta lys t s  

Major Pores APD SA PV ABD 
Ca ta lys t  ID* 8 A&cc/gg/cc 

€IDS-1442 ( r e f )  30-110 58 323 .56 .57 
KSA-LP 50-250 105 195 .70 .59 
Grace-100UP 60-200 118 140 .54 .69 
Grace-2OOW 110-300 l a 7  7a .44 .75 

Grace-100U 60-200 122 167 .59 .68 
Grace-ZOOU 110-300 202 92 .52 .73 

- 
*U: unimodal; P: phosphorus a d d i t i o n  
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Referring t o  F igure  7 ,  w e  compare l i q u e f a c t i o n  conversion f o r  t h e  
var ious  c a t a l y s t s  t o  t h e  r e fe rence  c a t a l y s t ,  HDS-1442A. F i r s t  of a l l ,  
t h e  l a rge r  pore c a t a l y s t ,  Grace-ZOOUP, r e s u l t s  i n  h igher  conversion than  
the  smaller pore  vers ion ,  Grace-100UP. The c a t a l y s t  based on Kaiser  
KSA-LP alumina e x h i b i t s  a r ap id  d e c l i n e  i n  a c t i v i t y  even though i t s  APD 
is around 100 8. 
t h a t  t h e  KSA-LP alumina has  a broad d i s t r i b u t i o n  of pore s i z e s .  

Closer i n spec t ion  o f  t h e  pore s i z e  d i s t r i b u t i o n  r evea l s  

The e l imina t ion  of t h e  phosphoric a c i d  impregnating a i d  causes an 
upward s h i f t  i n  conversion f o r  t h e  c a t a l y s t  prepared wi th  Grace-100U 
alumina. However, no improvement w a s  observed on t h e  l a r g e  pore  Grace-ZOOU 
alumina by e l imina t ing  t h e  phosphoric ac id .  Therefore t h e  b e s t  l i q u e f a c t i o n  
performance is y h i e v e d  wi th  an  alumina having an  APD and su r face  area of 
100 8 and ZOO m /pm, r e spec t ive ly .  
a i d  is de t r imen ta l  t o  t h e  l i q u e f a c t i o n  performance. 

Furthermore,  a phosphoric a c i d  impregnating 

Desul fur iza t ion  performance of t h e  c a t a l y s t s  w a s  eva lua ted  by 
monitoring the  s u l f u r  conten t  of t h e  r e s i d  f r a c t i o n  (975OF+) of t h e  c o a l  
l i q u i d  product.  Re fe r r ing  t o  F igure  8, t h e  lowest s u l f u r  l e v e l  w a s  achieved 
wi th  t h e  c a t a l y s t  prepared on Grace-100U alumina. We aga in  conclude t h a t  
t h e  Grace-100U alumina g ives  t h e  b e s t  o v e r a l l  performance. 

Al te rna te  C a t a l y t i c  Metals 

A s e r i e s  of c a t a l y s t  tests t o  exp lo re  t h e  e f f e c t s  of vary ing  hydro- 
genation and cracking  a c t i v i t y  w a s  a l s o  performed. 
metals t e s t e d  inc lude  N i - W ,  Ni -Mo,  Ni-Mo-Re, a l l  suppor ted  on t h e  sma l l  
pore  Grace 100 alumina. Cracking a c t i v i t y  w a s  i nc reased  by impregnating 
t h e  alumina wi th  s i l i c a  p r i o r  t o  impregnation wi th  t h e  c a t a l y t i c  metals.  
The s p e c i f i c  vers ion  t e s t e d  w a s  a Ni-Mo on a s i l i c a  promoted alumina. 
Inspec t ions  f o r  t h e  c a t a l y s t s  employing a l t e r n a t e  c a t a l y t i c  metals are 
l is ted in Table 11. 

Al te rna te  hydrogenation 

Table 11. Ca ta lys t  Inspections--Alternate Hydrogenation Metals 

APD '$A PV ABD 
C a t a l y s t  Composition - 2 m J g & &  

HDS-1442A 3.1 COO-13. 2 Moo3 58 323 .64 .57 
Grace-100U 2.9 COO-16.8 Moo3 122 167 .59 .68 

NiW-100U 3 Ni0-25 W03 118 140 .52 .75 

NiMoRe-100U 3 Ni0-16 MoO3-2.3 R e  113 158 .58 .69 
.66 

NiMo-lOOU 2.0 Ni0-16.2 Moo3 119 163 .62 .67 

NiMo-lOOU/Si 3 Ni0-16 MOO? --- --- --- 
Benzene so lub le  conversion i s  p l o t t e d  a g a i n s t  t i m e  on stream i n  

Figure 9 f o r  all of t h e  c a t a l y s t s  i n  Table 11. 
molybdenum c a t a l y s t  (Grace-100U), bo th  NiMo and NiMoRe gave lower benzene 
so lub le  conversion and f a s t e r  d e c l i n e  rates. Addition o f  rhenium t o  
NiMo had l i t t l e  e f f e c t .  

Compared t o  the  cobal t -  

The more a c i d i c  suppor t ,  s i l ica promoted alumina, 



d id  not improve performance of nickel-molybdenum. The inc rease  i n  benzene 
so luble  conversion of NiMo c a t a l y s t s  over  t he  r e fe rence  HDS-1442A c a t a l y s t  
can probably be expla ined  by more f avorab le  s u r f a c e  p r o p e r t i e s  and h igher  
dens i ty .  Nickel-tungsten gave t h e  lowest benzene s o l u b l e  conversion which 
confirmed previous  ba tch  screening  r e s u l t s .  

CONCLUSIONS 

Ef fec t ive  tests have been developed t o  eva lua te  c o a l  l i que fac t ion  
c a t a l y s t s  and relate t h e i r  performance t o  c a t a l y t i c  p rope r t i e s .  I n i t i a l  
performance i n  t h e  ba tch  un i t  was r e l a t e d  t o  meta ls  loading  of coba l t  
and molybdenum and su r face  p r o p e r t i e s ,  s p e c i f i c a l l y  average pore  d iameter  
and su r face  a r e a .  
f o r  s e v e r a l  c a t a l y s t s  i n  a continuous p i l o t  p l a n t  u n i t .  
had the  most pronounced e f f e c t  on ag ing  performance; type  of c a t a l y t i c  
meta ls  appeared t o  be  a secondary e f f e c t .  

Aging behavior o f  l i q u e f a c t i o n  c a t a l y s t s  w a s  e s t ab l i shed  
Surface  p r o p e r t i e s  
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BATCH SCREENING OF COAL LIQUEFACTION CATALYSTS 
WITH A FALLING BASKET REACTOR 

William R. Alcorn, George E. Elliott, and Leonard A. Cull0 

The Harshaw Chemical Co., Box 22126,  Beachwood, Ohio 44122 

The Harshaw Chemical Company and Battelle Columbus Laboratories have 
been studying coal liquefaction catalysts in a joint program spon- 
sored by the Dept. of Energy. Its objective is the development of 
catalysts of improved life and selectivity for direct liquefaction 
processes. 

Harshaw's specific objective is to identify catalysts of superior 
activity and selectivity, i.e. those that most efficiently use hy- 
drogen in forming coal liquids with low heteroatom content. These 
will then be tested by Battelle for longer term aging characteristics. 
This paper is a report of progress with about half of the planned 
screening tests completed. 

Experimental System 

The test system, diagrammed in Figure 1, is based on an Autoclave 
Engineers 1-liter Magnedrive reactor and is designed to run whole 
formed catalysts in an environment of coal slurry with continuous 
hydrogen flow. 

Illinois No. 6 coal from Consolidation Coal Company's Burning Star 
Mine No. 2 was analyzed as follows after grinding and drying. 

Moisture 1 . 3  
Ash 1 2 . 0  
Carbon 68.3 
Hydrogen 4.7 
Nitrogen 1 . 2  
Sulfur 3.2 
Oxygen (by diff.) 9 . 3  

The coal is charged to the reactor as 30% MAF coal in a vehicle. 
Two vehicles have been used. The first is a "heavy o i l "  cut of a 
coal tar from Koppers Co. Analyses of this vehicle and the coal are 
shown below. 

Wt % Components 
Coal Heavy Oil 

Oil 1.0 76.9 
Asphaltenes 0.3 22.8 
Pre-asphaltenes 7.8 
Residue 90.9 1 0 - 3  

100.0 100.0 

% Sulfur 3.2 0.44 
% Nitrogen 1 . 2  0.96 
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I n  t h e  second series o f  r u n s  t h e  v e h i c l e  i s  t e t r a l i n .  Run c o n d i t i o n s  
f o r  t h e  t w o  series are a s  f o l l o w s :  

V e h i c l e  Heavy O i l  T e t r a l i n  

P r e s s u r e ,  p s i 9  
Temperature, OC 
A c t i v a t i o n  i n  H2/H2S, h r  
Thermal Reac t ion  P e r i o d ,  hr*  
C a t a l y t i c  Reac t ion  P e r i o d ,  h r  
I n l e t  H 2  Flow, SCFH 
C a t a l y s t  Charge, cc 
W t  Coal, g 
W t  Vehic le ,  g 
Volume of S l u r r y ,  cc 

* A f t e r  hea tup  t o  425OC 

4000 
425 

1 . 5  
0.5 
2.0 
5 

25 
188  
355 
471 

2500 
425 

1 . 5  
1 .0  
2 .0  

1 0  
25 

1 6 2  
306 
4 7 1  

F a l l i n g  Baske t  Reactor 

I t  i s  d e s i r a b l e  t h a t a c a t a l y s t  s c r e e n i n g  tes t  s i m u l a t e  cont inuous  oper -  
a t i n g  c o n d i t i o n s  as f a r  as  p o s s i b l e .  I n  t h i s  c a s e ,  f i v e  requi rements  
w e r e  set i n  advance.  

1. B a t c h  o p e r a t i o n  f o r  r a p i d  s c r e e n i n g .  
2 .  P r e - a c t i v a t e  t h e  c a t a l y s t  i n  s i t u  w i t h  H 2 / H  S. 
3. 
4 .  Avoid c o n t a c t  o f  c a t a l y s t  w i t h  s l u r r y  d u r i n g  hea tup .  
5 .  Separa te  thermal  from c a t a l y t i c  convers ion  e x p e r i m e n t a l l y .  

The F a l l i n g  Baske t  R e a c t o r ,  i l l u s t r a t e d  i n  F i g u r e  2 ,  w a s  developed t o  
m e e t  t h e s e  r e q u i r e m e n t s .  With t h i s  d e v i c e ,  t h e  c a t a l y s t  i s  suspended 
i n  t h e  gas  phase d u r i n g  t h e  i n i t i a l  s t a g e s  of t h e  run ,  t h e n  lowered 
i n t o  t h e  l i q u i d  f o r  t h e  c a t a l y t i c  r e a c t i o n  p o r t i o n .  C a t a l y s t  (25  cc) 
is loaded i n  t h e  f o u r  a r m s  o f  t h e  b a s k e t  assembly which moves a l o n g  a 
grooved s l e e v e  a t t a c h e d  t o  t h e  a g i t a t o r  s h a f t .  In  o p e r a t i o n  t h e  
b a s k e t  i s  he ld  a t  t h e  t o p  o f  t h e  s h a f t  by a h o r i z o n t a l  notched groove  
a s  l o n g  a s  t h e  s h a f t  i s  r o t a t e d  a t  a c o n s t a n t  RPM. ( R o t a t i o n  speed  
w a s  set a t  3 0 0  RPM a f t e r  a p r e l i m i n a r y  mixing s t u d y . )  When r o t a t i o n  
is  s topped  and momentar i ly  r e v e r s e d ,  t h e  b a s k e t  t r a v e l s  down t h e  
groove  t o  t h e  bot tom p o s i t i o n  where it remains f o r  t h e  rest of t h e  
r u n .  The p o i n t  a t  which t h e  b a s k e t  d r o p s  i s  recorded  by a temporary 
d r o p  i n  b a t c h  t e m p e r a t u r e .  

P r e - a c t i v a t i o n  o f  t h e  c a t a l y s t ,  h e a t u p ,  p r e s s u r i z a t i o n ,  and a p e r i o d  
of thermal  r e a c t i o n  are accomplished a f t e r  s e a l i n g  t h e  r e a c t o r ,  b u t  
b e f o r e  c o n t a c t i n g  c a t a l y s t  and s l u r r y .  The c a t a l y t i c  p e r i o d  starts 
when t h e  b a s k e t  i s  dropped i n t o  t h e  l i q u i d  and s t o p s  when t h e  h e a t e r  
is removed from t h e  a u t o c l a v e .  F i g u r e  3 ,  a t y p i c a l  tempera ture  h i s -  
t o r y  o f  a r u n ,  shows t h a t  t h i s  sequence  r e s u l t s  i n  a w e l l  d e f i n e d  
r e a c t i o n  p e r i o d .  F i g u r e  3 a lso shows t h e  endotherm t h a t  a lways 
o c c u r s  d u r i n g  h e a t u p  a s  t h e  coal undergoes thermal  d i s s o l u t i o n .  

U s e  formed c a t a l y s t  ( t a b l e =  s e x t r u d a t e s f  r a t h e r  t h a n  powder. 

P r o d u c t  A n a l y s i s  

P r o d u c t  a n a l y s i s  schemes are s i m i l a r  f o r  t h e  t w o  v e h i c l e s  e x c e p t  f o r  
t h e  a d d i t i o n  of a d i s t i l l a t i o n  s t e p  i n  t h e  t e t r a l in  r u n s  ( F i g u r e  4 ) .  
The v e h i c l e  remained w i t h  t h e  c o a l  l i q u e f a c t i o n  p r o d u c t s  i n  t h e  heavy 
o i l  runs .  The t e c h n i q u e s  used  t o  s e p a r a t e  o i l  (pentane  s o l u b l e ) ,  
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asphaltenes (benzene soluble, pentane insoluble), and pre-asphaltenes 
(pyridine soluble, benzene insoluble) are well known. 

Effluent gas was monitored by GC for 
that there were no significant differences among catalysts in the 
gases formed, nor between catalysts and no catalyst. It was con- 
cluded that light hydrocarbons come from the coal (not the vehicle) 
at the test operating conditions, whether or not catalyst is present. 

Samples of the separator condensate and the distillate obtained during 
product workup were analyzed by GC for the tetralin runs. Particular 
attention was paid to the relative amounts of decalin, tetralin, and 
naphthalene as indicators of hydrogenation activity. 

The results are presented in terms of elemental analyses of product 
( % S ,  %N, and H/C atomic ratio); extraction analyses (oil/asphaltene 
ratio and % pre-asphaltenes); the decalin/naphthalene ratios of dis- 
tillate and separator product (for tetralin runs); and conversion. 
Conversion is defined as 100 less the percent MAF coal charged that 
remains benzene insoluble. Note that the chemical analyses refer to 
coal plus vehicle in the heavy oil runs, but only to coal products 
in the tetralin runs. 

5 0  runs, enough to establish 

Catalysts 

Eight 1 / 8  in. tabletted catalysts were tested in the heavy oil series 
at 4000 psig. Four of these tablets and ten 1/16 in. extrudates have 
been tested to date in the runs with tetralin at 2500 psig. Various 
blank and duplicate runs were made with both vehicles. 

The reference catalyst is Harshaw's CoMo-0402 T 1/8, which has been 
reported in connection with work on the Synthoil process and other 
studies. Other catalysts are designated either by their commercial 
name (as HT-400) or by a simple chemical notation (as NiMo). The 
catalysts tested to date represent a variety of chemical compositions 
and support structures. For example, two sets of NiMo extrudates 
were made to have systematically varying pore structure; these are 
designated on Table 2 as A-1, B-1, etc. 

Catalysts are loaded on a volume basis ( 2 5  cc). Packed densities 
cover a wide range, tablets running 1.0 - 1.1 q/cc and extrudates 
0.6 - 0.8 g/cc. Weight of catalyst charged therefore ranges from 
about 1 5  to 2 8  q. 

General Results 

Test results from runs with heavy oil vehicle are summarized in 
Table 1, and from tetralin runs in Table 2 .  All runs were at the 
operating conditions given above except for the few special run times 
indicated by notes to the tables. The runs are listed in order of 
decreasing oil/asphaltene ratio in the product. 

Mass recoveries typically run 97 to 99% with heavy oil and higher 
with tetralin; the small variations do not affect the conclusions. 
"Conversion" of coal to liquids also falls within a narrow range for 
standard runs and does not differentiate among catalysts. Thermal 
conversion (no catalyst present) is about 2-3% lower than the average 
catalytic conversion with heavy oil, and about 6-7% lower with 
tetralin. The fact that the catalytic conversions are close attests 
to the reproducibility of the test, for conversion varied widely when 
time was varied as in Runs 18, 19, and 20. Excellent reproducibility 
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i s  a lso demonstrated by t h e  s i m i l a r  r e s u l t s  found i n  d u p l i c a t e  Runs 
32 and 50, and 29 and 52 (Table  2 ) .  

As noted  e a r l i e r ,  t h e  amount and composi t ion  o f  e f f l u e n t  g a s e s  do n o t  
appear  t o  be i n f l u e n c e d  by t h e  p r e s e n c e  o f  a c a t a l y s t .  S i m i l a r l y ,  
t h e  amount o f  s e p a r a t o r  condensa te  i s  e s s e n t i a l l y  c o n s t a n t  f o r  a 
f i x e d  r u n  t i m e .  However, i t s  composi t ion  is r e l a t e d  t o  t h e  a c t i v i t y  
of  t h e  c a t a l y s t  used ,  as may be  s e e n  from t h e  d e c a l i n / n a p h t h a l e n e  
r a t i o s  given i n  T a b l e  2 .  The d a t a  show t h a t  s e p a r a t o r  p r o d u c t  i s  more 
s a t u r a t e d  than  t h e  s o l v e n t  which remains i n  t h e  reactor and becomes 
" d i s t i 1 l a t e  " . 

S p e c i a l  Runs 
The marked e f f e c t  of  a c a t a l y s t  on s u l f u r  removal, H/C r a t io ,  and 
c o n v e r s i o n  o f  a s p h a l t e n e s  t o  o i l s  i s  s e e n  from comparison of  Run 9 
(no c a t a l y s t )  w i t h  any of  t h e  c a t a l y t i c  r u n s  on Table  1. However, 
removal o f  n i t r o g e n  he teroa toms from t h e  c o a l  a p p e a r s  t o  be n e a r l y  a s  
d i f f i c u l t  wi th  a c a t a l y s t  as  w i t h o u t .  

Comparison o f  Runs 24 and 27 
on t e t r a l i n  i n  t h e  absence  o f  coal. Much m o r e  d e c a l i n  w a s  made i n  t h e  
p r e s e n c e  of a c a t a l y s t :  1 . 4 %  i n  Run 2 4 ,  b u t  4 8 %  i n  Run 27. 

I n  t h r e e  i n s t a n c e s  r u n  t i m e  w a s  v a r i e d  w i t h  t h e  s a m e  c a t a l y s t .  Runs 
1 9 ,  20, and 1 8 ,  w i t h  t h e  r e f e r e n c e  CoMo c a t a l y s t ,  had c a t a l y t i c  r u n  
t i m e s  of 0.4,  2 .0 ,  and 2.5 h r s .  Without  e x c e p t i o n ,  as  r u n  t i m e  i n -  
c r e a s e s ,  H/C and o i l / a s p h a l t e n e  r a t io s  i n c r e a s e  and % p r e - a s p h a l t e n e s  
and % S d e c r e a s e .  

I n  t h e  t e t r a l i n  series, Run 43 had 0 . 5  h r  m o r e  t h e r m a l  exposure t h a n  
Run 4 2 ,  o t h e r  t h i n g s  be ing  e q u a l ,  and showed m o r e  r e a c t i o n  i n  each 
of  t h e  v a r i a b l e s  t a b u l a t e d .  S i m i l a r l y ,  Run 36 (1 hr thermal ,  2 h r  
c a t a l y t i c )  shows more r e a c t i o n  t h a n  Run 35 ( 2  h r  t h e r m a l ,  1 h r  c a t a -  
l y t i c )  with t h e  same c a t a l y s t .  

(Table  2 )  shows t h e  e f f e c t  o f  c a t a l y s t  

Comparison of C a t a l y s t s  

I n  g e n e r a l ,  t h e  d a t a  i n d i c a t e  t h a t  a l l  t h e  measures  o f  c a t a l y t i c  
a c t i v i t y  are i n t e r r e l a t e d .  I n s p e c t i o n  o f  T a b l e s  1 and 2 shows t h a t  
t h e  fo l lowing  p r o p e r t i e s  c o i n c i d e :  

-h igh  o i l / a s p h a l t e n e  and H/C r a t io s ,  both  measuring t h e  e x t e n t  of 
hydrogen a d d i t i o n  t o  t h e  coal, 

- l o w  S and N i n  t h e  product  ( t h e  l a t te r  less d e f i n i t e l y )  and lower % 
p r e - a s p h a l t e n e s ,  a l l  measures  o f  c a t a l y t i c  a c t i o n  on t h e  l i q u e f i e d  
coal, 

-high d e c a l i d n a p h t h a l e n e  r a t i o  i n  both  d i s t i l l a t e  and s e p a r a t o r  
p r o d u c t s ,  showing a c t i v i t y  i n  s o l v e n t  hydrogenat ion .  

The c o r r e l a t i o n  between H/C and o i l / a s p h a l t e n e  r a t i o s  i s  shown graphi -  
c a l l y  i n  F i g u r e s  5 and 6.  With r e s p e c t  t o  t h e  heavy o i l  r u n s  ( F i g .  5 ) ,  
a l l  t h e  p o i n t s  e x c e p t  Run 1 9  (0.4 hrs)  a p p e a r  t o  f i t  a c o r r e l a t i o n .  
I t  i s  concluded t h a t  some k i n d  o f  t h e r m a l e q u i l i b r a t i o n  between c o a l ,  
s o l v e n t ,  and hydrogen h a s  been reached  i n  t h e  s t a n d a r d  l e n g t h  r u n s ,  
and more hydrogen a d d i t i o n  i s  a c h i e v e d  e i t h e r  by l o n g e r  c o n t a c t  
t i m e  o r  a b e t t e r  c a t a l y s t .  The a c t i v i t y  d i f f e r e n c e s  among c a t a l y s t s  
i n  t h e  heavy o i l  r u n s  are r e l a t i v e l y  s m a l l  i n  s p i t e  o f  t h e  v a r i e t y  
of  composi t ions  employed. I t  is  b e l i e v e d  t h a t  t h e  u n i f o r m i t y  of 
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r e s u l t s  i s  due ,  i n  p a r t ,  t o  t h e  f a c t  t h a t  t h e  v e h i c l e  i s  n o t  s e p a r a t e d  
from t h e  c o a l  and p l a y s  a major  role  i n  t h e  observed  r e s u l t s .  Another 
reason  may be t h e  u s e  o f  t a b l e t s  i n  t h i s  series. T a b l e t s  t e n d  t o  have 
s i m i l a r  p o r e  s t r u c t u r e s  a t  t h e i r  e x t e r n a l  s u r f a c e s  which may mask 
chemical  d i f f e r e n c e s .  

Table  2 and F i g u r e  6 show a wider  r a n g e  o f  r e s u l t s  w i t h  t e t r a l i n  and 
ex t ruded  c a t a l y s t s .  C e r t a i n  N i M o  c a t a l y s t s  have demonstrated v e r y  
good r e l a t i v e  performance i n  t h i s  test .  However, t h e  s i x  N i M o  c a t a -  
l y s t s  t e s t e d  i n  Runs 3 1  - 4 3 ,  d i f f e r i n g  p r i m a r i l y  i n  pore  s t r u c t u r e ,  
show l i t t l e  d i f f e r e n c e  i n  performance. It i s  premature  t o  draw f i r m  
c o n c l u s i o n s  r e g a r d i n g  t h e  key f a c t o r s  t h a t  a f f e c t  c a t a l y s t  a c t i v i t y ,  
and more w o r k  is r e q u i r e d  b e f o r e  r e l a t i n g  performance t o  p r o p e r t i e s .  

N i W  c a t a l y s t s  have n o t  shown up w e l l  v s .  N i M o  i n  t h e  few tests com- 
p l e t e d .  Regarding CoMo, t h e  b e s t  comparison so f a r  between similar 
N i M o  and CoMo c a t a l y s t s  i s  i n  Runs 3 2  and 50 vs. 3 3 ;  t h e  NiMo c a t a l y s t  
a p p e a r s  t o  be somewhat more a c t i v e  i n  each c a t e g o r y .  I t  i s  i n t e r e s t -  
i n g ,  however, t h a t  t h e  CoMo c a u s e s  less s a t u r a t i o n  of  t h e  s o l v e n t  than 
expected from i t s  p o s i t i o n  on t h e  t a b l e .  The same t h i n g  may be  s a i d  
of t h e  t a b l e t t e d  v e r s i o n  (Run 3 1 ) .  T h i s  may be an advantage.  

The f o u r  t a b l e t s  t e s t e d  on t e t r a l i n  gave s i m i l a r  r e s u l t s  (Table  2 ) .  
A s  expec ted ,  t h e y  are less a c t i v e  t h a n  cor responding  1 / 1 6  i n .  
e x t r u d a t e s .  The s i m i l a r i t y  o f  t a b l e t  r e s u l t s  p a r a l l e l s  t h e  same 
f i n d i n g  on t h e  heavy o i l  feed .  

P r i n c i p a l  Conclus ions  

Conversion of  coal t o  benzene s o l u b l e  l i q u i d s  is p r i m a r i l y  a thermal  
r e a c t i o n  dependent  on  tempera ture  and t i m e ,  o n l y  s e c o n d a r i l y  on 
c a t a l y s t .  A d d i t i o n  of  hydrogen t o  t h e  c o a l  l i q u i d s  and s o l v e n t  and 
removal of  he te roa toms are g r e a t l y  i n f l u e n c e d  by t h e  c a t a l y s t ,  and 
t h e s e  c h a r a c t e r i s t i c s  t e n d  t o  c o r r e l a t e  w i t h  e a c h  o t h e r .  T h i s  
s u g g e s t s  t h a t  one mechanism such as  rehydrogenat ion  o f  t h e  s o l v e n t  
may be t h e  dominat ing p r o c e s s  which s e p a r a t e s  good from bad c a t a l y s t s .  

I f  t h i s  p i c t u r e  o f  t h e  p r o c e s s  is v a l i d ,  t h e  c a t a l y s t s  s e l e c t e d  by 
t h i s  s c r e e n i n g  test  are l i k e l y  t o  be  e f f e c t i v e  n o t  o n l y  i n  d i r e c t  
l i q u e f a c t i o n  p r o c e s s e s ,  b u t  a l s o  i n  p r o c e s s e s  where c a t a l y t i c  up- 
grad ing  of  t h e  coal l i q u i d s  i s  s e p a r a t e d  from t h e  l i q u e f a c t i o n  s t e p .  

S e v e r a l  c a t a l y s t s  have been i d e n t i f i e d  which show b e t t e r  shor t - te rm 
performance t h a n  t h e  r e f e r e n c e  CoMo t a b l e t .  The p r o p e r t i e s  which 
l e a d  t o  b e t t e r  c a t a l y s t  performance have n o t  y e t  been c l a r i f i e d ,  
nor  have a g i n g  tests been c a r r i e d  o u t .  

The f a l l i n g  b a s k e t  reactor s o l v e s  a numberof e x p e r i m e n t a l  problems 
i n  b a t c h  s c r e e n i n g  of c a t a l y s t s  f o r  c o n t i n u o u s  processes, e s p e c i a l l y  
i n  s e p a r a t i n g  thermal  from c a t a l y t i c  e f f e c t s  and i n  p r o v i d i n g  a w e l l  
d e f i n e d  r e a c t i o n  p e r i o d .  R e p r o d u c i b i l i t y  o f  r e s u l t s  i s  e x c e l l e n t .  
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C a t a l y s t  Development for Hydro l i que fac t i on  o f  Coal1 

E. W. Stern and S. G. H i n d i n  
ENGELHARD INDUSTRIES D I V I S I O N  

ENGELHARD MINERALS AND CHEMICALS CORP. 
Menlo Park, Edison, NJ 08817 

Abs t rac t  

This  paper summarizes observat ions made du r ing  t h e  development o f  a 
c a t a l y s t  screening t e s t  i n  the  i n i t i a l  phases o f  a program which has 
as i t s  o b j e c t i v e  t h e  development o f  improved c a t a l y s t s  f o r  t h e  d i r e c t  
hydro1 i q u e f a c t i o n  o f  coa l .  

The t e s t  i s  c a r r i e d  o u t  batchwise i n  a s t i r r e d  au toc lave  and employs 
I l l i n o i s  #6 coal  and a commercial pet ro leum based so l ven t  (Panasol AN3). 
U n c e r t a i n t i e s  i n  r e a c t i o n  t ime  and temperature a r e  no rma l l y  encountered 
i n  t h i s  mode o f  ope ra t i on  due t o  s u b s t a n t i a l  coa l  conversions d u r i n g  
hea t ing  and cool ing.  These u n c e r t a i n t i e s  have been reduced s i g n i f i c a n t l y  
by i n j e c t i n g  coal  a f t e r  a s l u r r y  of so l ven t  and c a t a l y s t  has reached 
opera t i ng  temperature and by r a p i d  c o o l i n g  a t  t h e  t e r m i n a t i o n  o f  t h e  
r e a c t i o n  pe r iod .  

Products a r e  separated in to ibenzene i n s o l u b l e ,  pentane i n s o l u b l e  
(asphal tene)  and pentane s o l u b l e  ( o i l )  f r ac t i ons .  Data ob ta ined  w i t h  
a commercial CoMo c a t a l y s t  i n  a s tudy o f  t he  e f f e c t  o f  r e a c t i o n  
va r iab les  on hydrogen consumption, coal  convers ion,  asphal tene and o i  1 
y i e l d s ,  and s u l f u r  removal i n d i c a t e  t h e  f o l l o w i n g :  

Hydrogen abso rp t i on  i s  l i n e a r  w i t h  t ime  and cont inues a f t e r  
maximum coal  convers ion (93%) i s  reached. 
pressure i n  t h e  range i n v e s t i g a t e d  (760-3000 p s i )  i n d i c a t i n g  a 
process f i r s t  o rde r  i n  hydrogen and t h e r e f o r e  independent o f  
coal  convers ion which becomes zero o rde r  i n  hydrogen above 
2000 p s i .  

A c l e a r c u t  d i s t i n c t i o n  between f i r s t  and zero o rde r  dependence 
on coal  i n  t h e  5D-80% convers ion range cannot be made. 
r e a c t i o n  tends toward f i r s t  o r d e r  a t  h ighe r  convers ion l e v e l s .  
Subs tan t i a l  convers ion o f  coa l  i s  observed i n  t h e  absence o f  
c a t a l y s t  and a t  ve ry  s h o r t  r e a c t i o n  t imes.  

Asphaltene y i e l d s  a re  p r o p o r t i o n a l  t o  convers ion u n t i l  about 
80% convers ion and remain r e l a t i v e l y  constant  t h e r e a f t e r .  
y i e l d s  increase w i t h  convers ion t o  maximum convers ion (93%).  

I t  i s  a l s o  l i n e a r  w i t h  

The 

O i l  

1 ERDA Con t rac t  No. EF-76-C-01-2335 
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S u l f u r  l e v e l s  i n  asphaltene and o i l  d e c l i n e  w i t h  i n c r e a s i n g  
y i e l d s  o f  these f r a c t i o n s .  

The r e l a t i o n s h i p  between asphal tene and o i l  y i e l d s  and s u l f u r  
contents  i s  n o t  a f f e c t e d  by temperature o r  c a t a l y s t  l oad ing .  

Most o f  these observat ions can be r a t i o n a l i z e d  v i a  a model i n  
which t h e  major  r o l e  o f  c a t a l y s t  i s  t o  ma in ta in  t h e  s o l v e n t  i n  a 
s u i t a b l e  s t a t e  o f  hydrogenation. 
branching mechanism f o r  f o rma t ion  o f  asphaltenes and o i l  r a t h e r  
than t h e  g e n e r a l l y  assumed sequence o f  f i r s t  o r d e r  reac t i ons .  

Moreover, t h e  data suppor t  a 
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INTRODUCTION 

EFFECTS OF MINERAL MATTER ON THE 
HYDROLIQUEFACTION OF COAL 

by 

Barry Granoff, Michael G.  Thomas, Paul M. Baca 
and George T. Noles 

Geo Energy Technology Department 
Sandi a Laboratories 

Albuquerque, New Mexico 87115 

Several previously published s tudies  have shown t h a t  t he  na tura l ly  
occurring minerals i n  coa l  may play a s ign i f icant  r o l e  i n  hydroliquefaction 
(1-6). 
content (1,2,4).  Iron - i n  t h e  form of py r i t e ,  py r rho t i t e  and l iquefac t ion  
residue - has been shown t o  a f f ec t  conversion and hydrogenation (2-4). 
ash, pyr rhot i te  and l iquefac t ion  residues have a l l  exhibited some a c t i v i t y  f o r  
t h e  desulfurization of coa l  (2,5),  and pyr rhot i te  has been shown t o  be  more 
ac t ive  than p y r i t e  f o r  t h e  desu l fur iza t ion  of thiophene (5) .  
severa l  clays were shown t o  catalyze t h e  isomerization of t e t r a l i n  t o  methyl 
indane and t h e  t r a n s f e r  of hydrogen from hydroaromatic t o  aromatic s t ruc tures  (6).  

The extent of conversion was shown t o  co r re l a t e  with t o t a l  mineral 

Coal 

Py r i t e  and 

We have shown, for  a s e r i e s  of h igh-vola t i le  bituminous coals having 
s imi la r  maceral contents, t h a t  the  extent of conversion, product v i scos i ty  and 
hydrogen consumption could be  cor re la ted  with t h e  mineral content ( 4 ) .  
combined r o l e  of pyr i t e ,  clays and organic su l fur  was shown, bu t  t h e  independent 
e f fec t  of each of these  components was not investigated i n  our previous work. 
To be t t e r  understand t h e  r o l e  of minerals i n  t h e  hydroliquefaction of coal,  w e  
decided t o  carry out a number of experiments, i n  a s t i r r e d  autoclave, i n  which 
pure minerals,' l iquefac t ion  residues and a commercial ca t a lys t  were added t o  
t h e  feed coal.  
residence time and solvent-to-coal r a t i o )  were held constant f o r  each run. 
I l l i n o i s  No. 6 coa l  was selected fo r  t h i s  work because of i t s  moderate lique- 
fac t ion  r eac t iv i ty  (4). It was assumed t h a t  grea te r  differences i n  conversion 
and product composition would be observed by augmenting the  mineral content of 
a moderately reac t ive  coa l  than by u t i l i z i n g  a very r eac t ive  (e.g. ,  western 
KentucQ) coal.  

The 

The experimental conditions (temperature, heating r a t e ,  pressure, 

EXPERIMENTAL PROCEDURES 

The coa l  used i n  a l l  of t he  experiments was I l l i n o i s  No. 6 (Orient 4 Mine), 
9 which was pulverized t o  minus 100 mesh. 

analyses a re  given i n  Table 1. 
Table 1, was obtained from t h e  x-ray d i f f rac t ion  ana lys i s  of low temperature 
ash (7,8). 

Proximate, u l t imate  and su l fu r  forms 
The mineral matter composition, a l so  shown in  

The percentages of py r i t e  and mixed layer clays were approximately 
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one-half t h e  corresponding values t h a t  were reported f o r  t h e  more reac t ive  
Kentucky No. 11 (Fies  Mine) coa l  ( 4 ) .  

The solvent used was creosote o i l ,  No. 4 cu t ,  which was obtained from 
t h e  Reilly Tar & Chemical Co. 
bo i l i ng  range of 270-4OO0C. 
was 2.50. 

This o i l  had a spec i f ic  grav i ty  of 1.12 and a 
The solvent-to-coal (daf )  r a t i o  used i n  a l l  runs 

The minerals, ca t a lys t  and res idue  used fo r  t h e  spiking experiments a r e  
described i n  Table 2. 
residue were included i n  t h i s  study because of t h e i r  po ten t i a l  c a t a l y t i c  impor- 
tance (1-6). Zinc su l f ide  was included because severa l  I l l i n o i s  coals have been 
found t o  have extremely high zinc contents (8). 
i n  the  form o f  t h e  mineral  spha le r i t e  (z inc  su l f ide ) .  The connnercial Co/Mo 
hydrodesulfurization ca t a lys t  was included as a reference "standard" with which 
t o  compare t h e  a c t i v i t y  of t h e  o ther  added species. The minerals were blended 
with the  dry coa l  by mi l l ing  i n  a mortar and p e s t l e  f o r  a minimum of 1 5  min. 
I n  each of t h e  spiking experiments, 2.50 g of t he  mineral, res idue  or  ca ta lys t  
w a s  used; t h i s  was equivalent t o  5% o f  t h e  daf coa l  charge. 

Py r i t e ,  py r rho t i t e  (FeS), clay and t h e  l iquefac t ion  

The zinc presumably occurred 

A l l  o f  t h e  l iquefac t ion  runs were car r ied  out i n  a one-li ter,  s t i r r e d  auto- 
clave. 
of 0 . 7  l i ter .  Nominal reac t ion  conditions were: 

The reac tan ts  were placed i n  a s t a in l e s s - s t ee l  l i n e r  t h a t  had a volume 

I n i t i a l  (cold) pressure : 1000 psig hydrogen 
Heatup t i m e  : 1.0 h r  
Temperature : 405°C 
Residence t ime a t  temperature: 0.5 h r  
Cooldown time : overnight (18 hr) 

A t  t h e  end of each run, following cooldown, the  overhead gases were vented 
through caustic scrubbers, and t h e  l i qu id  product was removed. 
accountabili ty was rout ine ly  95% or be t t e r .  
by centrifugation a t  2200 rpm f o r  45 min. 
(Brookfield), elemental composition and Soxhlet solvent extraction. Conver- 
s ion  was calculated on t h e  bas i s  of both pyridine and benzene insolubles.  
former was calculated from a forced ash balance (9),  t h e  l a t t e r  was obtained 
from the  expression: 

Material  
Solids separation was  effected 

Froduct analysis included v iscos i ty  

The 

Percent conversion = 100 1 - (OBIf/OBIi)] [ 
where OBIf and O B I i  a re  t h e  weight f r ac t ions  of organic benzene insolubles i n  
t h e  f i n a l  l i qu id  product and i n i t i a l  reac tan ts ,  respectively.  
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A crude estimate of hydrogen consumption was made by ca lcu la t ing  t h e  
difference between the  i n i t i a l  pressure (1000 ps ig  in  a l l  cases) and t h e  
f i n a l  pressure a f t e r  cooldown. The pressure d i f fe rence ,  AP, was normalized 
t o  t h a t  of t he  experiment i n  which no mineral o r  ca t a ly t i c  agent was added. 
A pressure r a t i o  was then defined a s :  

0 Pressure r a t i o  = A P / ~ P  

where APo was  t he  pressure difference f o r  t h e  cont ro l  (no added minerals) run. 
A s  defined above, t h e  grea te r  t h e  pressure r a t io ,  t he  grea te r  w a s  t h e  hydrogen 
consumption. The formation of hydrocarbon gases could have had an e f f ec t  on 
t h e  r a t i o ,  bu t  i t  was assumed t h a t  t h i s  would not a l t e r  t h e  observed trends.  

RESULTS AND DISCUSSION 

Data from t h e  autoclave experiments a r e  given i n  Table 3. It has been 
shown i n  t h e  l i t e r a t u r e  t h a t  coa l  can be converted t o  grea te r  than 90% pyridine 
solubles i n  l e s s  than th ree  minutes under t h e  proper reaction conditions (9,lO). 
I n  t he  present case of r e l a t ive ly  long heatup and residence times, reac t ion tem-  
peratures i n  excess of 400°C and use of a good l iquefac t ion  solvent,  it is clear 
t h a t  transformation t o  pyridine solubles reached a plateau (92 t o  94% conversion) 
t h a t  was independent of any added species.  

The conversion of t he  i n i t i a l l y  so lubi l ized  coa l  t o  molecular consti tuents 
t h a t  a r e  soluble i n  benzene i s  a slower process (9) .  
by t h e  lower conversions t o  benzene solubles as  shown in  Table 3. Whereas t h e  
addition of mineral matter did not a f f ec t  the  conversion t o  pyridine solubles,  
cer ta in  species such a s  FeS, l iquefac t ion  res idue  and Co/Mo did have an e f f ec t  
upon t h e  conversion t o  benzene solubles.  It i s  of some i n t e r e s t  t o  note t h a t  
py r i t e  did not a f f ec t  conversion, bu t  pyr rhot i te  - both as FeS and a s  t h e  pre- 
dominant form of i ron  i n  t h e  l iquefac t ion  res idue  (3,6,11) - did  r e s u l t  i n  an 
increase i n  conversion. 
conversion, and ZnS seemed t o  have a s l i g h t l y  negative e f f ec t  as seen by the  
decrease i n  conversion. 

This, i n  pa r t ,  may be  seen 

The Co/Mo ca t a lys t  had t h e  grea tes t  pos i t i ve  e f fec t  on 

Significant decreases i n  the  v i scos i ty  of t h e  l iqu id  products were observed 
f o r  the runs i n  which py r i t e ,  pyr rhot i te  (FeS) and Co/Mo had been added. 
smaller decrease i n  v iscos i ty ,  which i s  probably not s t a t i s t i c a l l y  s ign i f i can t ,  
was noted when t h e  l iquefaction res idue  had been used. 
kaol in i te ,  the  v iscos i ty  of t he  product increased. This increase  could have 
been caused by suspended pa r t i cu la t e  matter t h a t  was not removed by centrifu- 
gation. Zinc su l f ide  did not have any e f f ec t  on product v i scos i ty .  

A 

I n  t h e  experiment with 

We have previously shown, f o r  West Virginia coal,  t h a t  t he  v iscos i ty  of a 
coal-derived l i qu id  was dependent upon t h e  organic benzene insolubles and 
asphaltenes content, bu t  t he  benzene insolubles had a s ign i f i can t ly  @eater  
e f fec t  on v i scos i ty  than d id  asphaltenes (4,12). 
cosity i n  t h e  spiking experiments (Table 3) was observed when Co/Mo had been 
added t o  t h e  feed. 
product was e s sen t i a l ly  t h e  same as t h a t  obtained i n  t h e  control experiment, i n  

The l a rges t  decrease i n  vis- 

In t h i s  case, t he  asphaltene content of t h e  r e su l t i ng  l iquid 
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which no mineral or  ca t a lys t  had been added. 
resu l ted  i n  a s ign i f icant  reduction i n  organic benzene insolubles,  and t h e  l a rge  
decrease i n  v iscos i ty  was probably a d i r e c t  consequence of t h i s .  The addition 
of py r i t e  resulted i n  the  l a rges t  decrease i n  asphaltene content i n  the  en t i r e  
t e s t  s e r i e s ,  but d id  not a f f ec t  t h e  benzene insolubles.  The addition of pyrrho- 
t i t e  (FeS and residue) resu l ted  i n  decreases i n  both t h e  asphaltenes and organic 
benzene insolubles.  The observed decreases i n  v i scos i ty  i n  these  cases were 
a t t r i bu ted  t o  corresponding sh i f t s  i n  t h e  r e l a t i v e  quant i t ies  of t he  asphaltenes 
and benzene insolubles.  
p y r i t e  s ign i f icant ly  a f fec ted  only t h e  asphaltene content, whereas pyr rhot i te  
affected both the  organic benzene inso lubles  and asphaltenes. 

The addition of Co/Mo, however, 

An i n t e re s t ing  s e l e c t i v i t y  has been observed i n  which 

The hydrogen-to-carbon r a t i o s  of t h e  centrifuged l i qu id  products were qu i t e  
similar (Table 3 ) .  
by changes in  the  pressure r a t i o ,  increased i n  a l l  of t h e  spiking experiments. 
This increase was pa r t i cu la r ly  s i g n i f i c a n t  i n  t h e  run with Co/Mo, i n  which t h e  
pressure r a t i o  increased almost th ree- fo ld .  
products were similar,  it i s  proposed t h a t  hydrogen was primarily consumed f o r  
heteroatom removal, conversion of ( i n i t i a l l y  so lubi l ized)  coa l  t o  benzene solubles 
and production o f  hydrocarbon gases. In  t h e  case of Co/Mo, t h e  high hydrogen con- 
sumption, without a concomitant increase  i n  the  hydrogen content of the  l iqu id  
product, would appear t o  b e  undesirable with respect t o  process economics. 

The present da ta  show t h a t  hydrogen consumption, as indicated 

Since the  H/C r a t i o s  of t h e  l iqu id  

Significant decreases i n  t h e  su l fur  content of the  l iqu id  products were 
found i n  the  runs with FeS, ZnS and Co/Mo. I n  t h e  experiment with py r i t e ,  t he  
su l fu r  content o f  t h e  product was higher than t h e  corresponding product from t h e  
cont ro l  run where no minerals o r  ca t a lys t s  had been added. This may have been 
due t o  t h e  presence of extremely f i n e  p a r t i c l e s  of inorganic su l fu r  t ha t  could not 
be  removed by centri ikgation. 
quence o f  the f a c t  t h a t  p y r i t e  i s  not an e f f ec t ive  desu l fur iza t ion  ca t a lys t .  Work 
a t  Auburn University has shown t h a t  p y r i t e  was l e s s  e f f ec t ive  than no ca t a lys t  a t  
a l l  fo r  t h e  desu l fur iza t ion  of creosote o i l  ( 2 ) .  
FeS, was considerably more  ac t ive  f o r  su l fu r  removal than e i the r  py r i t e  or t h e  
l iquefaction residue (Table 3) .  
and with the data from a recent pu lse  microreactor study, where it was demonstrated 
t h a t  pyr rhot i te  was approximately four  t imes more ac t ive  than py r i t e  f o r  t he  
hydrodesulfurization of thiophene (5 ) .  I t  i s  conceivable, therefore,  t h a t  t h e  
non-stoichiometric i ron  su l f ides ,  which a r e  formed from t h e  py r i t e  during coal 
hydroliquefaction (6,11), are  the  ac t ive  species f o r  desulfurization. 

On t h e  o ther  hand, t h i s  could have been a conse- 

We have shown t h a t  pyr rhot i te ,  

This i s  i n  good agreement with the  Auburn work (2), 

Batch autoclave experiments have been car r ied  out with I l l i n o i s  No. 6 coa l  
(Orient 4 Mine) i n  creosote o i l .  Various minerals, a dry  l iquefaction residue 
and a Co/Mo ca t a lys t  were added t o  t h e  f eed  coal,  while a l l  process parameters 
(pressure,  temperature, residence time, heating r a t e  and solvent-to-coal r a t i o )  
were held constant. Significant increases  i n  conversion t o  benzene solubles 
were observed when pyrrhot i te  (FeS),  res idue  and Co/Mo had been used. 
i n  t h e  v iscos i ty  of t h e  l i q u i d  products were found i n  t h e  spiking runs with 
py r i t e ,  pyr rhot i te  and Co/Mo. 
experiment with Co/Mo and, i n  t h i s  case, a concomitant decrease i n  t h e  organic 

Decreases 

The l a r g e s t  decrease i n  v i scos i ty  occurred i n  t h e  
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benzene insolubles was found. 
affected only the  asphaltene content of t h e  l i qu id  product, bu t  pyr rhot i te  
affected both the  asphaltenes and the  organic benzene insolubles.  
shown t h a t  pyr rhot i te  and Co/Mo were ac t ive  f o r  desu l fur iza t ion ,  bu t  pyrite and 
most of t h e  other minerals were not. 
differences i n  the  venting pressure, increased i n  a l l  spiking experiments - 
especially when Co/Mo had been added t o  t h e  feed. 
products, however, were s imi la r .  
primarily f o r  heteroatom removal, conversion t o  benzene solubles and hydrocarbon 
gas formation. 

A s e l e c t i v i t y  was observed i n  which py r i t e  

The da ta  have 

Hydrogen consumption, as  estimated from 

The H/C r a t i o s  of t h e  l iqu id  
This would imply t h a t  hydrogen had been u t i l i zed  
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Table 1. Analysis of I l l i n o i s  No. 6 Coal' 

Proximite Analysis 

Vo la t i l e  Matter 
Fixed Carbon 
Ash 

36.69 
52.60 
10.71 

Sulfur Forms 

Pyr i t i c  
Sulfate 
Organic 

Ultimate Analysis Mineral Matter 

Carbon 71.48 

Sulfur 3.00 
Oxygen (difference) 8.47 
Ash 10.71 

Hydrogen 4.89 
Nitrogen 1.45 

Pyr i te  
Quartz 
Calc i te  
Kaolinite 
Mixed Clays 

1.27 
0.09 
1.64 

2.80 
2.20 

0.82 
6.35 

0.78 

' A l l  da ta  given as a percent of t h e  coa l  on a dry bas is .  

Table 2. Minerals and Catalysts Used f o r  the  Spiking Experiments 

Mineral Description 

FeS2 Single c r y s t a l  p y r i t e  from Sinaloa, Mexico. Pulverized t o  
minus 200 mesh. 

FeS 

ZnS Obtained from Cerac/Pure, Inc. as minus 325 mesh powder. 

Kaolinit  e Obtained from a c l ay  deposit  i n  Lewiston, Montana. 
t o  minus 100 mesh. 

Pulverized 

Co/Mo Commercial hydrodesulfurization ca t a lys t  (Harshaw 0402T). 
Crushed and screened t o  45 x 100 mesh. 

Residue Acetone-washed f i l t e r  cake obtained from previous run with 
I l l i n o i s  No. 6 coa l  i n  creosote o i l .  
minus 100 mesh powder. 

Used i n  the  form of a dry,  
(Ash = 48.4%; su l fur  = 4.@). 

2% 

Obtained from Cerac/Pure, Inc. as minus 100 mesh powder. 
Iden t i f i ed  as  pyr rhot i te ,  Fe S, by x-ray d i f f r ac t ion  (x = 0.14).  1- x 
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EVALUATION OF USE OF SYNGAS FOR COAL LIQUEFACTION 

Rand P. Batchelder  and Yuan C.  Fu 

P i t t s b u r g h  Energy Research Center  
U.S.  Department of  Energy 

4500 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania  15213 

INTRODUCTION 

With tile f e a s i b i l i t y  of  c o a l  l i q u e f a c t i o n  having been demonstrated over  f o r t y  y e a r s  
ago, t h e  najor emphasis s i n c e  then  has been on process  modi f ica t ions  and c a t a l y s t  
development t o  inprove t h e  process  economics [ l ]  . Cost a n a l y s i s  o f  a t y p i c a l  c o a l  
l i q u e f a c t i o n  process  [2] r e v e a l s  t h a t  a s  much as 30 percent  o f  t h e  o v e r a l l  c o s t  i s  
r e l a t e d  t o  hydrogen product ion.  The proposed modi f ica t ion  i s  t o  use  syngas ( I 1  + CO) 
and s tear l  i n s t e a d  of I I  The advantages of  t h i s  mozif ica-  
t i o n  a r e  presented.  

The bench s c a l e  approach i n  t h e  d i r e c t  l i q u e f a c t i o n  of coa l  c o n s i s t s  o f  t r e a t i n g  a 
s l u r r y  o f  c o a l  i n  s o l v e n t  under h igh  1-1 
l a r g e  c o a l  molecules fragment t h e m a l l y  and a r e  hydrogenated v i a  hydrogen t r a n s f e r  
from a donor so lvent .  
i n c r e a s e s  from 0.7 t o  a n  approximate v a l u e  o f  0.9-1.0.  
b e  formed wi th  a d d i t i o n a l  11 uptake.  2 and d e s u l f u r i z a t i o n  processes  dur ing  l i q u e f a c t i o n .  
weight percent  o f  t h e  c o a l  feed ,  i s  produced by g a s i f i c a t i o n  of  coa l  and r e s i d u a l  
c h a r  t o  produce a s y n t h e s i s  gas .  The s y n t h e s i s  gas  as  produced i s  a mixture  o f  H 
CO, H20, and some CO$. ,  The "raw" syngas i s  then  passed through a s h i f t  conver te r  
t o  produce CO and a d i t i o n a l  H 2 . ,  S i n c e  t h e  gas  s t i l l  conta ins  about 2 - 3  p e r c e n t  
r e s i d u a l  CO, ?ur t l ier  p rocess ing  w i l l  be r e q u i r e d  b e f o r e  t h e  gas can  be used wi th  a 
CO-sensi t ive c a t a l y s t  [ 3 ] .  

a s  feed gas  t o  t h e  r e a c t o r .  2 

p r e s s u r e  a t  temperatures  o f  400-475' C .  The 2 

The l i q u i d  product  is formed as t h e  H/C atomic ra t io  o f  c o a l  
Lighter  l i q d i d  products  could 

A c a t a l y s t  would s e r v e  t o  promote hydrogenat ion 
The r e q u i r e d  I$, u s u a l l y  3-6 

2' 

SYNTHESIS GAS CONCEPT 

The syngas approach, i s  t o  bypass t h e  expensive gas p u r i f i c a t i o n  and s h i f t  conversion 
s t e p  and send t h e  product  from t h e  g a s i f i e r  d i r e c t l y  t o  t h e  l i q u e f a c t i o n  r e a c t o r  
a l o n g  w i t h  t h e  r e c y c l e  g a s  and added steam. The CO i n  t h e  feed  gas  r e a c t s  with steam 
t o  form 112 (CO + :I 0 - 1 1  + CO ) i n  t h e  l i q u e f a c t i o n  r e a c t o r  ra t l ie r  than  s e p a r a t e l y  
i n  t h e  water-gas s k f t  sysgen.  
catalyst i n  t h e  l i q u e f a c t i o n  r e a c t o r ,  c o n s i s t i n g  o f  t h e  convent ional  Co!.lo-SiO -A1 0 
f o r  l i q u e f a c t i o n  and d e s u l f u r i z a t i o n ,  which i s  impregnated wi th  K CO 
t h e  s h i f t  reac t ion .  

The obvious advantage of t h i s  modi f ica t ion  i s  tlie e l i m i n a t i o n  o f  t h e  c a p i t a l  and 
o p e r a t i n g  c o s t  o f  t h e  p u r i f i c a t i o n  and s h i f t  s t e p s .  In a d d i t i o n  t h e r e  w i l l  be a 
s l i g h t  improvenent i n  t h e  t h e r n a l  e f f i c i e n c y  o f  t h e  process .  
f o r  a l a r g e r  r e c y c l e  gas  c leanup s t e p  capable  o f  removing both  I I  S and C02. 
t h e  process  can b e  cons idered  v i a b l e  it must be proven t h a t  t h e  l i q u e f a c t i o n  a c t i v i t y  
i n  t h e  presence  of  CO, 1 1 2  and H,O is comparable t o  t h a t  wi th  H 

hiis can be accomplished by u t i l i z i n g  a b i f u n c t i o n a l  

2 3  t o  c a t a l y z e  2 3  

There i s  a need, however, 
Before 

2 '  
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To e v a l u a t e  t h e  e f f e c t  of  s u b s t i t u t i n g  s y n t h e s i s  gas  f o r  H 2 ,  we decided a t  f irst  t o  
look a t  t h e  SYNTIIOIL process .  The experimental  s e c t i o n  e x p l a i n s  how t h e  d i r e c t  ca ta -  
l y t i c  c o a l  l i q u e f a c t i o n  performance us ing  112 and 1i  -CO was compared i n  a s e t  o f  auto- 
c l a v e  experiments .  The r e s u l t s  of  a ba tch  r e a c t o r  cannot  be s imply used t o  p r e d i c t  
t h e  s teady  s t a t e  condi t ions  i n  a cont inuous commercial r e a c t o r .  An at tempt  was made, 
however, t o  c a l c u l a t e  f low condi t ions  f o r  coa l  l i q u e f a c t i o n  processes  us ing  H2 and 
H2-C0 on t h e  same b a s i s  us ing  au toc lave  da ta .  
t o  eva lua te  and compare t h e  p o t e n t i a l  mer i t  o f  us ing  syngas r a t h e r  than  t o  c a l c u l a t e  
t h e  a c c u r a t e  r e s u l t s  f o r  a commercial p rocess .  The e v a l u a t i o n  o f  SYNTIIOIL by Kat te l  
[2] was used a s  t h e  b a s i s  f o r  t h e  conceptual  design.  

2 

The o b j e c t i v e  is a pre l iminary  s tudy  

EXPERIPENTAL AND RESULTS 

The concept of l i q u e f y i n g  coa l  wi th  syngas was t e s t e d  i n  a s t i r r e d  au toc lave .  
autoclave was charged wi th  30 grams o f  West V i r g i n i a  bi tuminous c o a l ,  70 grams o f  
Solvent  Refined Coal process  s o l v e n t ,  10 grams o f  tl 0 
CoMo-K CO c a t a l y s t .  The au toc lave  was then  charge2 i i t h  a 2 : l  H -CO gas  mixture  
t o  1506 p $ i  (gage) ,  hea ted  t o  450' C (opera t ing  p r e s s u r e  2800-3008 p s i ) ,  held a t  
450' C f o r  15 min. and then  r a p i d l y  cooled by running water  through an immersed 
cool ing  c o i l .  

The CoP4o-K,CO 
CoMo-Si02-Al d c a t a l y s t  (Harshaw 0402T) wi th  K C 0 3  powder, ( 2 )  by impregnating the  
CoMo c a t a l y s g  k t h  aqueous carbonate  s o l u t i o n ,  f 3 )  by i n t r o d u c i n g  K2C03 e a r l y  i n  t h e  
prepara t ion  o f  Coblo c a t a l y s t  i n  p l a c e  o f  s i l i c a t e d  alumina and keeping t h e  r a t i o s  
of Co and Elo t o  alumina c o n s t a n t .  We have a l s o  t e s t e d  CoMo c a t a l y s t s  impregnated 
wi th  sodium carbonate ,  potassium a c e t a t e  and barium a c e t a t e ,  NiMo ca ta lys t . impregnated  
with K CO-, and NI14bfo c a t a l y s t .  Some r e s u l t s  have been presented  previous ly  [2] .  
Table f S ~ O W S  some r e p r e s e n t a t i v e  r e s u l t s  as w e l l  a s  h y d r o t r e a t i n g  d a t a  obta ined  with 
pure  H and CohIo-SiO2-Al2O3.catalyst. The performances wi th  H2-CO and 112 compare 
very  c f o s e l y  i n  a l l  c a t e g o r i e s .  

The 

and 2-3 grams of crushed 

c a t a l y s t s  were prepared i n  t h r e e  ways: (1)  by b lending  ground 

PROCESS EVALUATION 

Using t h e  y i e l d s  obta ined  from t h e  au toc lave  experiments  and t h e  process  parameters  
of  t h e  SYNTIIOIL process ,  m a t e r i a l  ba lances  were der ived  f o r  bo th  t h e  H2-CO and 1-1 
systems. 2 an economic comparison o f  t h e  two a l t e r n a t i v e s  was performed, based on an economic 
eva lua t ion  o f  t h e  SYNTHOIL process  made by K a t e l l ,  e t  a1 [2]. 
a high p r e s s u r e  g a s i f i e r  (such as i n  t h e  Texaco p r o c e s s )  and a modi f ica t ion  of  t h e  
Exxon Donor Solvent  Process  us ing  syngas were a l s o  examined. 

A. 

The f lowsheet  f o r  t h e  modif ied d i r e c t  c a t a l y t i c  l i q u e f a c t i o n  process  i s  shown i n  
Figure 1. 
e l i m i n a t i n g  t h e  s h i f t  and p u r i f i c a t i o n  s t e p s .  
r e a c t o r  t o  promote t h e  water-gas  s h i f t  r e a c t i o n .  
p l a c e  i n  t h e  l i q u e f a c t i o n  r e a c t o r ,  t h e  C 0 2  produced ' there  must b e  removed i n  t h e  
recyc le  gas  c leanup s t e p .  
t o  remove both  CO I t  i s  d e s i r a b l e  t o  produce a concent ra ted  s t ream o f  
H,S t o  a l low e f f i z i e n t  u s e  of  t h e  Claus process  f o r  conver t ing  H S t o  s u l f u r .  The 
cdncept employed i n  t h e  Giammarco-Vetrocoke process  [5] f o r  ac idzgas  removal meets 
t h e s e  requirements .  and 11 S from a gas  s t ream and process  
it i n t o  two s e p a r a t e  s t reams o f  CO 2 
The aqueous stream from t h e  vapor- l iqu id  s e p a r a t o r s  i s  s e n t  t o  an ammonium s u l f a t e  
and s u l f u r i c  a c i d  recovery process .  
r a t o r  i s  cent r i fuged .  
process  f o r  recovery  of o i l  e n t r a i n e d  i n  t h e  s o l i d s .  
is s e n t  t o  t h e  g a s i f i e r  f o r  f u r t h e r  carbon u t i l i z a t i o n .  

2 An energy ba lance  was then c a l c u l a t e d  f o r  t h e  ti -CO process  scheme. F i n a l l y  

The b e n e f i t  o f  using 

Direc t  C a t a l y t i c  Liquefac t ion  o f  Coal 

Synthes is  gas  from t h e  g a s i f i e r  i s  s e n t  d i r e c t l y  t o  t h e  l i q u e f a c t i o n  r e a c t o r  
Steam i s  added t o  t h e  l i q u e f a c t i o n  

Now t h a t  t h i s  r e a c t i o n  is tak ing  

Therefore ,  t h e  r e c y c l e  gas  c leanup s t e p  must be designed 
and H2S. 

I t  w i l l  remove both  CO 2 2 and H2S. 

The product  s l u r r y  from t h e  high temperature  sepa- 
The underflow from t h e  c e n t r i f u g e  i s  s e n t  t o  a char  de-o i l ing  

Unconverted char  from t h i s  s t e p  
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- Mass Balance - The b a s i s  o f  t h e  f lowshee t  c a l c u l a t i o n  i s  b r i e f l y  descr ibed  i n  t h e  
Appendix. There a r e  two major problems a s soc ia t ed  wi th  t h e  ba t ch  au toc lavc  da ta :  
(1) t h e  so lven t  i s  not  a r ecyc le  s o l v c n t  der ived  a t  t h e  i d e n t i c a l  s t eady  s t a t e  condi- 
t i o n ,  and (2) t h e  m a t e r i a l  ba lance  i s  u s u a l l y  poor w i t h  a recovery  i n  t h e  range o f  
94-98%. Batch d a t a  from t h e  au toc lave  expe r inen t s  were used i n  t h e  c a l c u l a t i o n  a s  
shown i n  the  Appendix. The convers ion  of CO i s  c a l c u l a t e d  by assuming water-gas s h i f t  
equl ibr ium a t  475' C (28' C approach) wi th  a 11 :CO:H 0 feed  of 2:1:0.4. The r e s u l t i n g  
y i e l d s  f o r  a continuous r e a c t i o n  a r e  shown i n  Table 3. 
t hese  y i e l d s  i s  shown i n  F igure  1. 

The o v e r a l l  mass ba lances  f o r  t h e  I12-C0 and H p rocesses  were obta ined  on t h e  b a s i s  
of one ton  o f  Nest Vi rg in i a  bituminous coa l  feed (See Table 3 ) .  The mass ba lance  
over t h e  r e a c t o r ,  which ope ra t e s  a t  4000 p s i g  and 450' C, i s  based on t h e  s imula ted  
y i e l d s .  
assumed t h a t  t h e  r ecyc le  gas scrubber  provided  complete removal o f  C 0 2  and H S .  
flow and composition o f  t h e  o f f -gas  from t h e  vapor - l iqu id  s e p a r a t o r s  were esgimated 
from vapor- l iqu id  e q u i l i b r i a  of t h e  va r ious  couponents w i t h  t h e  l i q u i d  o i l  at  t h e  
sepa ra to r  tempera tures  o f  150 and 40' C. The g a s i f i e r  mass ba l ance  was based on t h e  
t o t a l  gas  demand, coa l  and cha r  feed,  ope ra t ing  cond i t ion  o f  450 p s i  and 982' C ,  95% 
carbon conversion and a water-gas s h i f t  equ i l ib r ium a t  1010" C (28" C approach).  

Energy Balance - The thermal e f f i c i e n c y  o f  t h e  SYNTHOIL Process  has  been es t imated  by 
Akhtar e t  a1  [ G I .  The energy ba lance  f o r  t h e  H -CO p rocess  was computed and i s  shown 
i n  F igure  2 .  I t  i s  based on t h e  n e t  h e a t s  o f  combustion a t  t h e  s p e c i f i e d  tempera ture  
of each stream, neg lec t ing  p r e s s u r e  e f f e c t s .  The n e t  h e a t s  of  combustion of t h e  coa l  
(12,390 Btu/ lb) ,  o i l  (16,300 Btu/ lb) ,  and t h e  cha r  (4,500 Btu/ lb)  were obta ined  experi-  
mentally.  The hea t  c a p a c i t i e s  f o r  coa l ,  cha r ,  ash and o i l  were obta ined  from IGT's 
Coal Conversion Data look.  
eqn. 6 i n  t he  Appendix, assuming an a d i a b a t i c  r e a c t i o n  wi th  an e s t ima ted  h e a t  l o s s .  
The conceptua l ized  p l a n t  i s  t o t a l l y  s e l f - s u f f i c i e n t  w i th  t h e  coa l  be ing  t h e  only energy 
inpu t .  The p l a n t  c o n t a i n s  i t s  own steam and e l e c t r i c i t y  p l a n t .  
e f f i c i e n c y  is 75.6 pe rcen t  a s  compared t o  va lues  o f  67.8 [2] and 74.9 [6] pe rcen t  f o r  
t h e  SYNTHOIL p rocess  us ing  H2.  The advantage o f  t h e  syngas system is a r e s u l t  of t h e  
e l imina t ion  of t h e  i n e f f i c i e n t  two-stage s h i f t  r e a c t o r s .  

Economics - The methods used t o  perform t h e  economic a n a l y s i s  o f  t h e  two a l t e r n a t i v e  
cases  followed t h o s e  used i n  K a t e l l ' s  r e p o r t .  The main o b j e c t i v e  o f  t h i s  economic 
eva lua t ion  is t o  o b t a i n  a r e l a t i v e  c o s t  comparison o f  t h e  two p rocesses  r a t h e r  t han  
t o  y i e l d  accu ra t e  e s t ima tes .  
(1) s i z e  major equipment, (2) c o s t  major equipment, (3) use  s t anda rd  f a c t o r s  t o  c o s t  
misce l laneous  equipment, (4) c a l c u l a t e  u t i l i t y  ba lance ,  (5) s i z e  and c o s t  u t i l i t y  sec- 
t i o n s ,  (6) de te rmine  o p e r a t i n g  c o s t s  and (7)  do a d iscounted  cash  flow a n a l y s i s  ove r  
t h e  l i f e  of t h e  p l a n t  t o  determine t h e  product  s e l l i n g  p r i c e  a t  va r ious  r a t e s  o f  r e t u r n  
and coa l  p r i c e s .  
u n i t  c o s t  t a b l e ,  which shows t h e  c o s t  d i s t r i b u t i o n  among t h e  va r ious  s e z t i o n s  o f  t h e  
process ,  i s  shown i n  Table  4. 
t a b l e .  The r e c y c l e  gas  cleanup and byproduct recovery  s e c t i o n s  i n  t h e  H -CO process  
a r e  more expensive than  t h a t  i n  t h e  H process  because  o f  t h e  n e c e s s i t y  of removing 
CO 
is2$1.90/bbl i n  t h e  6,) process ,  bu t  i s  t o t a l l y  absen t  i n  t h e  H -CO system. 
H2-CO system r e s u l t s  i n  a n e t  c o s t  advantage of $1.59/bbl o r  ,gout 14% of t h e  t o t a l  
p rocess  cos t .  

The f lowshee t  de r ived  from 

2 

The des ign  p a r a n e t e r s  used i n  t h e  s tudy  are l i s t e d  i n  t h e  Appendix. I t  was 
The 

-- 
2 

The energy ba lance  ac ross  t h e  r e a c t o r  was c a l c u l a t e d  us ing  

The o v e r a l l  thermal 

The sequence o f  s t e p s  i n  t h e  eva lua t ion  was as fo l lows :  

The a n a l y s i s  was c a r r i e d  ou t  f o r  bo th  t h e  CO-H2 and It cases .  A 

Two major d i f f e r e n c e s  a r e  apparent  i n  t h e  u n i t  c o s t  

2 

i n  add i t ion  t o  H S i n  t h i s  s t age .2  The c o s t  o f  t h e  s h i f t  and p u r i f i c a t i o n  s e c t i o n  
Thus t h e  
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TABLE 2 .  Product Y ie lds  and Analys is  a t  Steady S t a t e  

(Bas is  100 l b  of maf c o a l  feed)  

S y n w  "2 Input 

maf c o a l  100.00 100.00 

1.17 3.79 

co 35.20 0.00 

25.81 0.00 

Tota l  162.18 103.79 

H o r  H + CO consumption, SCF 66 1 675 

€'2 

H2° 

2 2  

ou tpu t  

11.37 10.80 '1-'4 

O i  1 77.38 77.87 

H20 9.08 5.99 

c02 

H2S 

55.31 0.00 

2.54 2.54 

NH3 0.50 0.59 

Char 6.00 6.00 

162.18 103.79 

Elemental Coal Product O i l  Product O i l  

C 7 3 . 8  88.3 8 8 . 3  

H 5.2 7.5 7.7 

0 7.2 2.6 2.5 

N 1 . 3  1.2 1.1 

S 3 . 8  0.4 0.4 

Ash 8.2 

Moisture 0.5 - 
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RECYCLE 

PREPBRBTION 

1089 . , 0 v 0 2  2235 
SLAG 
169 8 

683 LIGHT - OIL 

Figure I -  Process f l o w  diogrom using SYNGAS. 

STREAM COMPOSITION 

GAS C O M P O S l T l O N  

c4 

NH3 0 I (0) 76 I (021) 76 1 I 
Ne 5 5  ((OW) 5 5 1  (0091 1 I 
Total 79892 (100) 79892 (IUO) 1599 24356 (1001 359 
sc/ 8f8D 76330 67.90 
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TABLE -3 OVERALL MASS BALANCE 

R o w  Coal 

Gosifier Steam Feed 

Gasifier 0, Feed 

Shif t  Converter Steam 

Reactor Water Feed 

Total 

out. 
Water Condensate 

Waste Water 

Slog 

Fuel G a s  
H,S + CO, 

O i l  Product 

Total  

2000.0 
141.4 
187.0 
558.2 
0 

288 6.6 

249.1 
118.9 
169.6 
365.0 
946.4 
1037.6 
28 86.6 

H,/CO 

2000.0 
108.9 
2 2 3.5 

0 
38 0.3 
271 2.7 

30.4 
159.9 
169.8 
692.1 
626.0 
1034.5 
27 12.7 

COAL 

1000 4376 
RECYCLE 

O I L  

COAL 1057 
2303 

PREPARATION RECYCLE 

RECYCLE 2303 
682 OIL -- 

OIL 
PUOOUCT THERMAL E f f .  75.6% 

DATP BASIS:  1000 BTU INPUT COAL. H E P T  OF COMBUSTION (NET) 

Figure 2 -Thermal balance. 

9-7-77 L-15579 



TABLE 4. Unit  Cos t ,  $ /bbl  Product  O i l  

c o s t  Operat ing - 
Coal + Pas te  Prepara t ion  0.899 

Hydrogenation 2.102 

Heat Exchange 0.666 

Char De-oiling .205 

G a s i f i c a t i o n  1.985 

Gas Cleanup + .a19 
Byproduct Recovery 

.593 

S h i f t  + P u r i f i c a t i o n  0 

1.206 

Flue  Gas Processing .431 

T o t a l  7.107 

8.087 - 

Underl ine - Cost us ing  H2 
Otherwise b o t h  ti2 and 
€1 -CO systems have t h e  
same c o s t .  2 

C a p i t a l  C r e d i t s  

0.670 0 

2.180 -2.366 

1.178 0 

.362 -0.315 

.174 0 

.837 - . lo5 

.750 -. 105 - - 
0 0 

.694 0 

.431 - .232 

5.832 -3.018 

7.439 -3.018 

- - 

- 
Process ing  Cost 

Coal Cost 

O i l  Cost 

Basis: 25,000 BBL/D 
Cost based on Apr i l  1977 CE index 
WVa Coal - $25/T 
15% r e t u r n  on investment  
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T o t a l  - 

1.569 

1.916 

1.844 

.252 

2.159 

1.551 

1.238 

0 

1.900 

0.630 

- 

- 

3.921 

11.508 

9.453 

19.374 

20.961 



High Pressure Gasifier - A b e n e f i c i a l  m o d i f i c a t i o n  t o  t h e  H -CO process  i s  t o  employ 
a h igh  p r e s s u r e  g a s i f i e r  t o  be opera ted  a t  a p r e s s u r e  i n  t h e  range  o f  2500-3000 p s i ,  
equiva len t  t o  t h a t  r e q u i r e d  i n  a l i q u e f a c t i o n  r e a c t o r .  This  change would f u r t h e r  
i n c r e a s e  t h e  thermal  e f f i c i e n c y  and improve t h e  economics. From t h e  energy ba lance  
(Figure 2) we see t h a t  2% o f  t h e  i n p u t  energy e x i s t s  a s  l a t e n t  h e a t  i n  t h e  hot  g a s i f i e r  
ou tput .  
By employing a h igh  p r e s s u r e  g a s i f i e r  a l l  o f  t h e  l a t e n t  h e a t  i s  recovered,  t h e  i n e f -  
f i c i e n t  g a s i f i e r  hea t  exchanger is e l i m i n a t e d ,  t h e  make-up gas  compressor i s  n o t  
r e q u i r e d  and t h e  r e a c t o r  prehea t  du ty  i s  reduced. 
g a s i f i e r  i n c r e a s e s  thermal  e f f i c i e n c y  by about 4 percent .  
i s  t h e  increased  p r e s s u r e  o f  O2 and s team necessary  t o  f e e d  t h e  g a s i f i e r .  

B. Ext rac t ive  Hydrogenation o f  Coal 

Coal l i q u e f a c t i o n  processes  by e x t r i c t i v e  hydrogenat ion such as t h e  Exxon Donor Solvent  
Process  can a l s o  be b e n e f i t e d  economical ly  by us ing  syngas i n  p l a c e  of  H2. 
p rocess  scheme i s  presented  i n  F igure  ;. 
t h e  absence of  c a t a l y s t  under H2-C0 p r e s s u r e ,  and p a r t  o f  t h e  l i q u i d  product  i s  subse- 
quent ly  hydro t rea ted  wi th  syngas and steam i n  t h e  presence  of CoMo-K C 0 3  c a t a l y s t  t o  
make t h e  r e c y c l e  so lvent .  
an SRC so lvent  wi th  syngas and steam i n  t h e  presence  of  CoMo-K CO c a t a l y s t  and subse- 
quent ly  using t h i s  hydro t rea ted  s o l v e n t  t o  e x t r a c t  coa l  i n  the'absence of c a t a l y s t .  
Table  5 shows t h e  au toc lave  experimental  r e s u l t s  o f  h y d r o t r e a t i n g  t h e  SRC s o l v e n t  wi th  
syngas and H2. Table 6 shows t h e  comparison o f  u s i n g  t h e  syngas hydro t rea ted  s o l v e n t  
and t h e  li hydrot rea ted  s o l v e n t  f o r  coa l  s o l v o l y s i s  under  H -CO and H2 p r e s s u r e s  res- 
p e c t i v e l y ?  From both  t a b l e s ,  no s i g n i f i c a n t  d i f f e r e n c e  i n  $he q u a l i t y  of t h e  product  
o i l  o r  solvent  was observed between t h e  syngas and H2 systems. 

2 --- 
I 
e Also 2% of t h e  i n p u t  energy i s  used t o  compress t h e  g a s i f i e r  product  gas .  

Thus t h e  use  o f  h igher  p r e s s u r e  
A minor o f f s e t t i n g  change 

A conceptual 
Coal i s  d isso lved  i n  a r e c y c l i n g  s o l v e n t  i n  

Experimental d a t a  were obta ined  by i n i t i a l l y  h y d r o t r e a t i n g  
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C a t a l y s t  

TABLE 5. Hydrot rea t ing  o f  SRC Solvent  

(425' C ,  60 min) 

O r i g i n a l  Syngas 
(H2:C0 = 2 : l )  

- CoMo-K2C03 

H20 added pts/lOO p t s  1 0  

I n i t i a l  P r e s s ,  p s i  1220 

Operat ing Press ,  p s i  2600 

Product Analys is ,  % 

C 88.8 89.1 

H 7.4 7.6 

N 1.1 1 .0  

S 0.65 .42 

0 2.05 1.88 

Kinematic Viscos i ty ,  
CS a t  60' C 1 2 . 2  7.8 

Solvent  

cot40 

0 

1520 

2450 

89.4 

8.0 

0.8 

.14 

1.66 

5.4 

TABLE 6. Coal Liquefac t ion  by S o l v o l y s i s  

( so lvent :  coa l  = 2.3:1,  3000 p s i ,  450' C ,  15 min) 

SRC Trea ted  SRC SRC Treated SRC 

Conversion, % 89 90 89 91 

Asphaltene formed, % 4 2 . 7  32.6 49.3 25.6 

S i n  o i l  prod. ,  % 0.64 0.54 0.65 0.44 

Kinematic v i s c o s i t y ,  CS a t  
60° C 30.1 22.7 30.8 14.8 
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APPENDIX 

Design Calcula t ions  

Autoclave React ion Continuous React ion 

7 Products  - - - - - -  - --, Coal r--- - - - - - -  SRC Solvent  

Char 

I 
H2 o r  
Hz-CO-H~O L _ _ _ _ _ _  - ---J L -- --El- - - - -1 

Elemental Balance f o r  Continuous React ion 

Yi = y i e l d , ( l b s  of i out  - l b s  of i i n ) /  l b  maf c o a l  

F: = w t .  f r a c t i o n  of element k i n  component i 

(1) 
-(Y*FC)CO = (Y*Fc) +(Y*Fc) +(Y*Fc)oil+(Y*F C )Char 

c1-c4 CO2 

= (Y*FH)C +(Y*FH) +(Y*FH) +(Y*FH) +(Y*FH)Oil+(Y*FH)Char (2) 
1- 4 H20 NH3 H2S 

0 F~oal-(Y*Fo)CO = (Y*Fo) H20 +(Y*Fo) CO2 +(Y*Fo)Oil+(Y*Fo)Char (3)  

( 4 )  

(5) 

N N 
N F!oal = (y*FN) +(Y*F )Oil+(Y*F )Char 

S FEoal = (Y*Fs) +(Y*F )Oil+(Y*F )Char 

NH3 

H2S 
S S 

Energy Balance f o r  Continuous Reac tor  

Hi = n e t  enthalpy of combustion of component i, BTU 

i n  out  
Tin = E H.TOut + h e a t  loss 

i =  

Assumptions Design Parameters 
0 i l : C o a l  Recycle Rat io  = 2.12 
SCF/lb S l u r r y  Reactor  Feed = 15.8 
Reactor  Feed Rate= 280 lb/hr-f  t 3 c a t a l y s t  
Reactor  I n l e t  Temp = 425OC 

1. The y i e l d s  of C1-C4 gas(Yc1-c4) and char(YChar) 
and t h e  elemental  composi t ions of C1-C4, o i l ,  
and char  observed i n  t h e  au toc lave  experiment 
a r e  used i n  t h e  cont inuous r e a c t i o n  des ign .  

Reactor  I n l e t  P r e s s  = 4200 ps ig  
Reactor Exit Temp = 4490c 
Reactor  E x i t  P r e s s  = 4000 ps ig  
Process  Heater Eff = 80% 

Generation E f f  = 40x 

2. The y i e l d  of carbon monoxide i s  c a l c u l a t e d  
assuming t h e  water-gas s h i f t  r e a c t i o n  t o  be  a t  
equi l ibr ium a t  477OC (28OC approach) wi th  a 
H2:CO:HzO r e a c t o r  feed  of 2.05:1:0.4. I t  i s  
a l s o  assumed t h a t  carbon d ioxide  is involved 
only i n  t h e  water-gas s h i f t  r e a c t i o n ,  thus  Economic Evaluat ion 
yco2 = -yco* 

3. The remaining unknowns are Y H ~ , Y H ~ o , Y ~ ~ s ,  
Ym3, and Y o i l .  These a r e  determined by 
s o l v i n g  eqns. 1-5 s imultaneously.  The o t h e r  
unknom,Tout, is so lved  from eqn. 6. 

Based on A p r i l  1977 CE Index 
15% Discounted Cash Flow 

4 1  



Eydrogen Consumption i n  Non-Catalyzed Coal Liquefaction 

M. G. Thomas, Barry Granoff, G. T .  Noles and P. M. Baca 

Albuquerque, N e w  Mexico 87115 
Sandia Laboratories 

INTRODUCTION 

Liquefaction, i n  general ,  r e f e r s  t o  the  thermal reactions experienced by 
coals a t  temperature usua l ly  above 400°C i n  su i t ab le  solvents. 
produce a complex mixture of so lubi l ized  ( l iquef ied)  and gas i f ied  products i n  
high y ie ld  over short  t i m e  i n t e rva l s  (1). 
reactions i s  not well  understood, b u t  t h e  presence of  % has been observed t o  
increase t h e  y i e lds  of l iquefac t ion  products ( 2 ) .  Hydrogen a l so  provides a 
reductive pathway t o  allow f o r  t h e  removal of hetero-atoms as  H2S, H20 and NH3. 
Though t h e  implication of these  bene f i c i a l  uses of hydrogen i s  ne t  consumption, 
it has recent ly  been shown t h a t  H2 is a l so  produced i n  these thermal reactions 
i n  non-Hz atmospheres (3) .  The thermal reac t ions  of coa l  i n  solvent, then, a r e  
bes t  represented schematically a s  a set of  two competing reactions (4 ) ;  i . e . ,  

These reac t ions  

The in te rac t ion  of hydrogen i n  these  

+ CnH2n+2 + ... + aromatics + 1 . .  + coke coa l  -H2 + CH4 + * - .  
temp 

pyrolysis:  

l iquefaction: 

where H 2 ,  t h e  l i g h t  hydrocarbons and coke a re  maximized i n  pyrolysis and mini- 
mized i n  l iquefaction. It can b e  seen then how hydrogen can b e  produced i n  t h e  
pyrolysis reac t ion ,  and how i t s  presence can favor one reaction over t h e  other 
without being consumed; t h e  €I2 gas may merely inh ib i t  t he  pyrolysis.  
maximizing the  r a t e  of l iquefaction/pyrolysis i s  an important consideration i n  
the  e f f i c i en t  use of hydrogen. We will attempt t o  show how each of these com- 
peting reactions respond t o  changing conditions and some of t h e  e f fec ts  t h a t  
t h e  various conditions produce with respect t o  hydrogen consumption. 

coa l  t%~ H 2n+2 + * - .  + aromatics + . + coke 

Obviously, 

EXPERIMENTAL 

Data reported i n  t h i s  presenta t ion  have been obtained from analysis of 
products from 1.) a 1-liter s t i r r e d  batch autoclave operating between 395"-430"C, 
and Hg pressure of 1000-1750 p s i  measured p r io r  t o  reac t ion  a t  24'C, and 2)  a 
four-stage continuous (non-cycling) reac tor  operating a t  425°C and 4000 ps i .  
t h e  autoclave experiments, a charge of 50 g daf coal and 115 g #4 cut creosote 
o i l  was employed ( 5 ) .  
through gas sampling tubes before  scrubbing. 
O.D., 80-100 mesh poropak Q i n  t e f l o n  l ined  aluminum. 
packed with g lass  spheres; each s t age  was a 10 f t  length, .203 inch I.D., void 
volume - 5&. 
mixing. 
3 6  by weight coa l .  The coa l 'used  i n  the  continuous reactor was -60 mesh West 
Virginia,  Ireland Mine coal.  
shown i n  Figure l a  and Figure lb .  Analyses of t h e  West Virginia,  Ireland Mine 
coa l  used f o r  both autoclave and continuous reac tor  experiments: 

I n  

Samples f o r  gas analyses were obtained a t  - 2 5 O C  by venting 
The GC columns used were 6' x 118" 

The continuous reactor was 

The packing was intended t o  improve heat t r ans fe r  and maintain 
The reac tor  was charged with a fixed slurry of #4 cut creosote o i l  and 

Block diagrams of t h e  autoclave and reactor a re  

ult imate (dry) 
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C 62.83; H 4.45; N 0.90; C1 0.03; S 6.93; Ash 19.06; 0 ( d i f f )  0.577; su l fur  
forms-pyrite 4.55; s u l f a t e  0.25; organic 2.13. A description of t he  l iqu id  
analyses i s  given i n  block diagram form, i n  Figure 2. Data on other coa ls  
used i n  t h i s  study can b e  obtained from Reference 5. 

RESULTS AND DISCUSSION 

Comparisons of l iquefac t ion  products from d i f f e ren t  coals a r e  not generally 

Table 1 con- 
successful because of t h e  var ia t ions  i n  composition (o f  t he  coa ls ) ,  bu t  can serve 
t o  i l l u s t r a t e  t h e  nature of t h e  products and t h e  r o l e  of hydrogen. 
t a i n s  da ta  from s i x  d i f f e ren t  high v o l a t i l e  bituminous coa ls  and t h e  l iquefac t ion  
products obtained i n  each case a t  430" and .5  hour reac t ion  times. The amount of 
reac t ive  macerals varied between 89-95%, but  t h e  mineral content changed from 5 
t o  21%. 
(organic) products a r e  bas i ca l ly  t h e  same, about 0.8. Analysis of t he  gas da t a  
ce r t a in ly  show consumption of hydrogen and production of H2S and hydrocarbon 
gases. 
t h e  production of methane, r e f l ec t ing  t h e  pyrolysis reac t ion ,  does not vary i n  any 
readi ly  apparent fashion. The H2 consumed apparently accompanies conversion of 
t h e  primary l iquefac t ion  products t o  benzene solubles among t h e  severa l  coals,  as 
suggested by Neavalbased upon t h e  behavior of one coa l  i n  time (6 ) .  

Although t h e  conversion va r i e s  (62-94%), t h e  H/C r a t i o s  of the  f i l t e r e d  

The H2 consumption pa ra l l e l s  conversion as  does the  H2S produced. However, 

Data obtained from t h e  continuous reac tor  a t  425°C shown i n  Table 2 c l ea r ly  
show two addi t iona l  fea tures  of coa l  l iquefac t ion  1.) t h e  rapid i n i t i a l  desulfuri-  
zation followed by a much slower removal of t h e  more r e s i s t a n t  organic su l fu r ;  
and 2 . )  accompanying pyrolysis reactions seen he re  as formation of m4. 
clusion based on these  da ta  i s  t h a t  most of t he  H2S (removed su l fu r )  i s  produced 
i n  the  ear ly  stages of the reactor (as i s  t h e  H2 needed f o r  H2S formation). 
Although organic su l fur  i s  being removed, it i s  removed i n  a very spec i f i c  fashion. 

One con- 

Reactor Asphaltene Preasphaltene 
%s - Stage gS 

1 
2 
3 
4 

1.33 
1.24 
1.20 
1.22 

1.68 
1.59 
1.66 
1.68 

As shown above, t he  percentage su l fur  i n  the  asphaltenes and t h e  preasphaltenes 
i s  not changing s igni f icant ly  i n  time. 
products (as preasphaltene + asphaltene + o i l )  a re  accompanied by su l fu r  removal 
(consistent with I$ consumption f o r  t he  conversion t o  benzene solubles a s  noted 
e a r l i e r ) .  
a concurrent change i n  so lub i l i t y  proper t ies .  
with da ta  published on hetero-atom removal from model aromatic compounds; t h e  
molecule i s  usually saturated with hydrogen, followed by r ing  opening and then 
removal of t h e  hetero-atom (7) .  
s t ruc tures ,  s o l u b i l i t y  cha rac t e r i s t i c s ,  and molecular weights and a re  not merely 
t h e  i n i t i a l  molecule minus a S, N or 0 atom. 
t h i s  reductive cracking occurs simultaneously with defunctionalization, and both 
of these reac t ions  a r e  accompanied by hydrogen consumption. 

The interconversions of t h e  l iquefac t ion  

Thus, sulfur removal does not occur t o  any s ign i f i can t  extent without 
This type of reac t ion  i s  consistent 

The r e su l t i ng  products thus,  have d i f fe ren t  

For coa l  derived molecules then, 

4 3  



It i s  necessary t o  examine t h e  responses t o  temperature, time, and pressure 
Using t h e  same coa l  as i n  the  continuous t o  understand the  process more f u l l y .  

reac tor ,  a number of autoclave experiments were performed a t  residence times 
between .25 and 1 hour, 395"-430", and 1000-1750 p s i  i n i t i a l  pressures (pressure 
charges measured a t  24OC before t h e  heat cycle).  
experiments a re  p lo t t ed  i n  Figure 3, and i n  cont ras t  t o  t he  data presented i n  
Table 1, t h e  C/H r a t i o  of t h e  products i s  changing. 
t h a t  as  time increases su l fu r  i s  removed and the  amount of hydrogen i n  t h e  
l iquef ied  product increases,  da ta  cons is ten t  with r e s u l t s  drawn from t h e  reactor 
runs. Likewise, su l fur  decreases and hydrogen i n  t h e  product increases with 
higher pressures, Figure 3b. However as temperature increases,  t he  su l fu r  i s  
lowered but  t h e  C/H r a t i o  increases ,  Figure 3c. Figure 3d shows the  amounts of 
H2 gas consumed versus temperature. Though a cursory examination of Figure 3d 
would suggest grea te r  hydrogenation a t  t h e  higher temperature we know t h i s  i s  
not consistent with the l iqu id  analyses,  Figure 3c. A more consistent p i c tu re  
i s  obtained by examination of t h e  quant i ty  of hydrogen i n  t h e  gas from a l l  
sources (H2, C - C  I s ,  and H S)  at t w o  temperatures: 

Data obtained from these  

I n  Figure 3a it i s  seen 

1 4  2 

Moles Produced Moles Produced 
Gas a t  414°C at 429°C 

.06 .11 

.02 .05 

.03 .04 

CH4 
c2H6 
H2S 
H2 (consumed) .30 .50 

It can be seen t h a t  t h e  t o t a l  hydrogen i n  t h e  gases produced i s  grea te r  a t  
higher temperature (approximately twice a s  la rge  a t  429" than a t  414") and 
ind ica tes  t h a t  temperature increases favor the  pyrolysis reac t ion  ( 4 ) .  

The e f f ec t s  observed i n  these  experiments must not be evaluated without a 
description of solvent behavior under s imi la r  conditions.  
l i qu id  and gas analyses of #4 creosote o i l  before and a f t e r  reac t ion  a t  407" 
and 427°C. 
obtained with coals. Also,  no desul fur iza t ion  i s  observed, though a slight 
increase  i n  hydrogen content o f  t h e  o i l  i s  observed. The magnitude of t h e  
differences observed i n  t h e  gas da t a  (H2 consumption, H2S and CH4 formation) 
between the  solvent and t h e  solvents with coal would seem t o  ind ica te  t h a t  the  
contribution of solvent t o  these  spec i f ied  (gas i f i ca t ion  and H2 consumption) 
reac t ions  was  minimal (8).  

Table 3 shows both 

The H2 gas consumption and CH4 production a r e  low compared t o  data 

SUMMARY 

The discussion has considered l iquefac t ion  as  two competing reac t ions  ; one 
which produces solublized defunctionalized products, and a pyrolysis reac t ion  
which consumes hydrogen. Responses of t he  reactions t o  the  independent var iab les  
of pressure, temperature, and time have been described and suggest t h a t  hydrogen 
pressure and time favor t h e  l iquefac t ion  reac t ions  (decreases i n  C/H r a t i o ,  
decreases i n  su l fur ,  and increases i n  conversion), bu t  t h a t  temperature seems t o  
p re fe ren t i a l ly  favor pyrolysis.  These conclusions a r e  i n  general  agreement with 
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l i t e r a t u r e  data.  
occurs concurrent with conversions among the  various solvent ex t rac t ion  
f rac t ions ,  2 . )  conversion va r i e s  with I$ consumption among a number of s imi la r  
bu t  d i f fe ren t  coals and 3.)  hydrogen consumption must be evaluated on the  
b a s i s  of a t o t a l b a l a n c e ,  no t  j u s t  a change i n  concentration of H2 gas. 
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48 



Table 3. Analyses of #4 Cut Creosote O i l  

1800 p s i ,  ,. 5 h r  1800 ps i ,  .5 hr 
I n i t i a l  407" 427" 

Pyridine Insols 

Benzene Insols 

Asphaltene 

O i l  

C 

H 

S 

Moles CH4 

Moles H Consumed 2 

0.0 

0.3 

7.3 

92.7 

90.77 

5.8 

.4 

- 

0.0 

1.0 

3.9 

95.1 

91.03 

5.93 

.4 

.0029 

.004 

0.0 

1.6 

3.2 

95.2 

.4  

.0097 

.015 
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CONCEPT AND USE OF HYDROGEN PERMEABLE CATALYSTS 

Clarence Karr, J r .  and Kenneth B. McCaski l l  

U.S. Energy Research and Development A d m i n i s t r a t i o n  
Morgantown Energy Research Center 
P.O. Box 880, C o l l i n s  Fe r ry  Road 

Morgantown, WV 26505 

INTRODUCTION 

The concept of a hydrogen-permeable c a t a l y s t  has n o t  p r e v i o u s l y  been reduced t o  
p r a c t i c e  f o r  any gaseous o r  l i q u i d  m i x t u r e  o f  coa l -de r i ved  compounds, i n c l u d i n g  SUI- 
f u r  compounds. The o n l y  known ins tance  o f  t he  use o f  t h i s  concept i s  t h a t  descr ibed 
i n  a U.S. Patent by Rudd ( 1 ) .  I n  h i s  work hydrogen was d i f f u s e d  under pressure through 
a pa i i ad ium c o i i  i n t o  a vessei c o n t a i n i n g  ethy iene.  The ethy lene was r e a d i l y  reduced 
t o  ethane, presumably by r e a c t i o n  w i t h  t h e  hydrogen a t  t h e  pa l l ad ium sur face,  t h e  
pa l l ad ium a c t i n g  as a c a t a l y s t .  The hydrogen f o r  t h i s  r e a c t i o n  was apparent ly  l i m i t e d  
t o  t h a t  which had d i f f u s e d  j u s t  t o  the  su r face  o f  t h e  pal lad ium, and was present  as 
atomic hydrogen. I n  another  experiment, Rudd demonstrated t h a t  an ox ide  coa t ing  pro- 
duced on one s i d e  o f  a Has te l l oy  B d i s c  cou ld  be completely removed by d i f f u s i n g  hy- 
drogen through the  d i s c  f rom t h e  non-ox id ized s ide.  
hydrogen permeable c a t a l y s t  a r e  i m p l i e d  i n  t h i s  demonstrat ion, a l though Rudd d i d  no t  
t r y  t o  use Has te l l oy  B as a c a t a l y s t .  

The s e l f - c l e a n i n g  e f f e c t s  of a 

The successfu l  implementat ion o f  t h e  concept o f  hydrogen permeable c a t a l y s t s  t o  
coal -der ived gases o r  l i q u i d s ,  and even coa l  o r  coa l / recyc le  o i l  s l u r r i e s ,  may o f f e r  
seve ra l  t echn ica l  and economic advantages. These could inc lude the v i r t u a l  absence 
o f  unused hydrogen t h a t  has t o  be p u r i f i e d ,  recompressed and recyc led  a t  cons iderable 
expense, because e s s e n t i a l l y  a l l  t h e  hydrogen could be consumed a t  the c a t a l y s t  su r -  
face, w i thou t  forming hydrogen bubbles. 
work, i s  t h a t  the c a t a l y s t  su r face  c o u l d  be kep t  f r e e  o f  carbon deposi ts  becaiise, 
j u s t  as oxides were removed by r e a c t i o n  w i t h  hydrogen d i f f u s i n g  up through the  metal,  
so cok ing precursors would be conver ted  by hydrogenation, p reven t ing  t h e  fo rma t ion  
o f  carbonaceous deposi ts .  F i n a l l y ,  i t  m y  be p o s s i b l e  t o  prevent  t h e  b u i l d u p  o f  
m ine ra l  deposits when coal  o r  coa l  s l u r r i e s  a r e  used, because the  presence o f  a mono- 
molecular  o r  monoatomic l a y e r  o f  hydrogen a t  t he  su r face  would prevent  t h e  adhesive 
fo rces  between t h e  minera l  p a r t i c l e s  and the  c a t a l y s t  su r face  from be ing  e f f e c t i v e .  

Another advantage, as suggested by Rudd's 

EXPER I MENTAL PROCEDURE 

Reactor Design and Func t ion  

The general r e a c t o r  des ign i s  b r i e f l y  as fo l l ows .  The s h e l l  o f ' the hydrogen 
permeable c a t a l y s t  r e a c t o r  cons i s ted  o f  3- inch O.D. schedule 80 s t a i n l e s s  s t e e l  
v ipe,  4- feet  and P i n c h e s  i n  l eng th .  
i ng  f rom one inch  t o  3/8 inches i n  diameter. The o t h e r  end was modifed t o  accept 
tub ing  from 1/2 to  3/8 inches i n  diameter. One q u a r t e r  i nch  openings were made i n  
t h e  reac to r  w a l l s  t o  p e r m i t  i n l e t  and ven t ing  o f  gases. Ca ta l ys t  tubes were connect- 
ed a t  each end to s h o r t  l eng ths  o f  s t a i n l e s s  s t e e l  tub ing.  The s t a i n l e s s  s t e e l  tub- 
ing,  ho ld ing  the  c a t a l y s t  tube, was i n s e r t e d  i n t o  t h e  reac to r  a t  t h e  end con ta in ing  
t h e  l a r g e r  opening, and a l l owed  t o  p ro t rude  from t h e  lower end o f  t h e  r e a c t o r  f o r  a 
l eng th  o f  about 8 inches. The r e a c t o r ,  c o n t a i n i n g  t h e  c a t a l y s t  tube, was suspended 
v e r t i c a l l y  i n  a h i g h  temperature furnace. Connections were made t o  the  w a l l s  o f  the 
s h e l l  t o  permi t  i n l e t  and v e n t i n g  o f  gases. Connections were made t o  t h e  s t a i n l e s s  
s t e e l  t ub ing  a t  t he  bo t tom o f  t h e  r e a c t o r  t o  pe rm i t  hydrogen s u l f i d e  and hydrogen 

One end o f  t he  p i p e  was adapted to  accept tub- 
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f o r  p r e s u l f i d i n g ,  and l i q u i d  feed t o  e n t e r  the tube, w i t h  app rop r ia te  va l v ing .  The 
upper end o f  t he  tube went d i r e c t l y  i n t o  a product  r e c e i v e r  (gas l i q u i d  separator) .  
Lines from the g a s - l i q u i d  separator  were connected t o  a c o l d  t rap,  and then i n t o  a 
wet t e s t  meter f o r  measuring any gas f low. 

Hydrogen Permeable Ca ta l ys t  Tubes 

The th in -wa l l  n icke l -200 tub ing  was composed o f  99.5 w t .  % N i ,  w i t h  smal l  
amounts o f  i r o n  and manganese. Dimensions o f  the tubes were 17-7/8 i nch  length 
by 3/8-inch O.D.,  w i t h  w a l l  th ickness reduced f rom 0.035-inch t o  0.017-inch t o  a 
p o i n t  approximately one inch  from each end. Samples o f  f i n e l y  porous nickel-molybde- 
num and cobalt-molybdenum tub ing  were f a b r i c a t e d  a t  Oak Ridge Nat ional  Laboratory 
from micron-range powders by flame sp ray ing  on a mandrel, f o l l owed  by high-tempera- 
t u r e  s i n t e r i n g  to  d e n s i t i e s  i n  excess o f  95% o f  the  n a t u r a l  dens i t y .  The dimensions 
a f t e r  s i n t e r i n g  were 16.5-inches length,  0.181-inches I . D . ,  and 0.396-inches 0.0. 
The t o t a l  length was 21-inches a f t e r  b r a z i n g  on n i c k e l  t i p s  f o r  ease o f  mounting i n  
the  reactor .  

Cata lyst  tube permeabi 1 i t y  measurements were made by determin ing the  hydrogen 
f l ow  from the s h e l l  s i d e  through t h e  permeable t u b i n g  by t h e  w e t  t e s t  meter connected 
t o  t h e  tube s ide  o f  t he  reac to r .  

The i n t e r n a l  sur faces o f  a l l  c a t a l y s t  tubes were coated w i t h  a metal s u l f i d e  

A f t e r  s u l f i d i n g ,  
l a y e r  by passage o f  a 50% hydrogen s u l f i d e  and 50% hydrogen m ix tu re  through the tube 
f o r  f o u r  hours a t  a c a t a l y s t  tube temperature o f  400°C. 
the e n t i r e  reac to r  system was cooled t o  100°C, purged w i t h  n i t r o g e n  t o  remove a l l  
t races of  hydrogen s u l f i d e .  

Hydrogenation o f  l i q u i d  feed wa5 accomplished by pumping the feed a t  a p rede t -  
ermined r a t e  up through the  c a t a l y s t  tube t o  reac t  w i t h  hydrogen d i f f u s i n g  from 
the s h e l l  through the c a t a l y s t  tube w a l l .  Experimental runs were made a t  c a t a l y s t  
tube temperatures from 250°C t o  450°C and s h e l l  s i d e  pressures o f  655 p s i g  hydrogen t o  
1510 p s i g  hydrogen. 
1,495 ps ig.  Temperatures i n s i d e  t h e  tube were determined w i t h  a thermocouple i n  an 
a x i a l l y  pos i t i oned  w e l l .  

Analyses 

Hydrogen pressures i n s i d e  t h e  tube v a r i e d  f rom 650 p s i g  t o  

The i d e n t i t i e s  o f  t he  metal s u l f i d e s  were determined by x-ray d i f f r a c t i o n  
ana lys i s ,  w h i l e  t h e  composit ions o f  t h e  l i q u i d  feeds and l i q u i d  p r o d u c t s , a d  the 
composit ion o f  t h e  gaseous products ,  were determined by gas chromatography/mass 
spectrometry, and gas chromatography. Other analyses were employed, as requi red.  
The hydrogen pe rmeab i l i t y  values f o r  n i c k e l  metal a re  known (2). 

D I S C U S S I O N  OF RESULTS 

Thin Wall N icke l  Tubing Reactors 

1. Runs w i t h  Tar O i l  i n  N i  Tubes. X-ray d i f f r a c t i o n  analyses o f  t h e  var ious samples 
o f  s u l f i d e d  n i c k e l  t ub ing  showed t h a t  i n  each instance t h e  c o a t i n g  on the  i nne r  w a l l  
cons i s ted  o f  a m ix tu re  o f  N ~ ~ S I ,  and N i 3 S 2 .  The l a t t e r  compound, n i c k e l  subsu l f i de ,  
was very l i k e l y  the  o n l y  form present  soon a f t e r  t h e  s t a r t  o f  each hydrogenation 
run. According t o  Weisser and Landa (3) a l l  n i c k e l  s u l f i d e s  are r a p i d l y  conver ted 
t o  the subsu l f i de  by hydrogen i n  any use o f  t h e  s u l f i d e s  f o r  hydrogenat ion reac t i ons .  
In  any event, a l a r g e  amount o f  N i 3 S 2  was observed f o r  bo th  the f r e s h  and used tub ing.  
Weisser and Landa a l s o  descr ibe the  use of n i c k e l  s u b s u l f i d e  a5 a c a t a l y s t  f o r  hydro- 
genation, i n c l u d i n g  t h e  hydrogenolys is  o f  thiophene-type compounds. That t he  N i  3 S 2  
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present  was a c t u a l l y  f u n c t i o n i n g  as a c a t a l y s t  was demonstrated by the  decreases i n  
the  amounts o f  s i x  major  components o f  t h e  feed, and t h e  increases i n  the  amounts of 
e leven probable product  compounds, as shown i n  Table 2 f o r  runs 1 through 5, accord- 
i n g  t o  t h e  cond i t i ons  shown i n  Table 1 .  The reac tan ts ,  R ,  and probable products ,  P,  
a r e  arranged i n t o  f o u r  groups, f o l l o w i n g  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  
F i g u r e  I .  The r e a c t i o n  in termediates,  i n d i c a t e d  i n  F igu re  1 by brackets ,  were not  
detected. A l l  o t h e r  compounds shown were i d e n t i f i e d ,  and t h e i r  amounts determined, 
by combined gas chromatography and mass spectrometry. The observed m/e values are 
g iven i n  Table 2 ,  along w i t h  t h e  number o f  m i l l i m o l e s  o f  each compound pe r  100 g 
sample, and the  change i n  m i l l i m o l e s  p e r  100 g sample i n  go ing from the feed t o  t h e  
product .  No benzothiophene was added to  the  feed i n  run  4. 

Most  o f  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  F igure 1 f o r  the t h i n - w a l l  
n i c k e l  t ub ing  reac to rs  have been s t u d i e d  i n  depth by o t h e r  researchers under va r ious  
cond i t i ons  o t h e r  than w i t h  n i c k e l  s u b s u l f i d e  c a t a l y s t .  Qader and H i l l  ( 4 )  have 
shown the sequence naphthalene -+ t e t r a l i n  -+ methy l indan -+ indan + alkylbenzene. 
Penninger and Slotboom (5) have f u r t h e r  d e t a i l e d  t h e  s teps leading from t e t r a l i n  
t o  alkylbenzenes. Rollman (6) has d e f i n e d  the  s teps i n  the  convers ion o f  benzothiophene 
t o  alkylbenzene, as have Fu r insky  and A h e r g  (7).  
s teps i n  the convers ion o f  2-methylnaphthalene t o  t e t r a l i n  and alkylbenzene as have 
Qader fl. (9). The two convers ion sequences: 1) phenanthrene -+ dihydrophenanthrene 
-t e thy lb ipheny l  -+ b ipheny l ;  2) phenanthrene -+ tetrahydrophenanthrene -+ a lky lnaphthalene 
-f t e t r a l i n  have been d e t a i l e d  by Wu and Haynes (IO). 
b ipheny l  + b iphenyl  has been shown by O l t a y  gtt. i n  a second paper (111, as w e l l  
as Penninger and Slotboom (5). 

O l tay  sfi. (8) have shown the 

The sequence f l uo rene  -+ methy l -  

The hydrogen permeable c a t a l y s t  tube i n  run  2 ,  whichwas regenerated w i t h  a i r  
o x i d a t i o n  a f t e r  be ing  used i n  run 1 ,  and then r e s u l f i d e d ,  showed the  g rea tes t  a c t i v i t y  
o f  t h e  f i v e  tubes used. The lowest a c t i v i t y  was shown f o r  the tube i n  run 1 ,  lower 
than the  tubes used i n  runs 4 and 5, which were n o t  p r e s u l f i d e d  w i t h  t h e  H2 + HPS 
mixture.  In these l a t t e r  two runs a more e f f e c t i v e  n i c k e l  subsu l f i de  coa t ing  was 
ob ta ined  by t h e  r e a c t i o n  o f  t h e  o r g a n i c  s u l f u r  compounds present  i n  the  t a r  o i l  (0.64 
we igh t  percent  s u l f u r ) ,  and t h e  r e a c t i o n  o f  t h e  benzothiophene added t o  t h e  t a r  o i l  
feed. The smal l  amount o f  s u l f u r  i n  t h e  t a r  o i l  was as e f f e c t i v e  i n  run 4 as was 
the  much l a r g e r  amount o f  benzothiophene added t o  t h e  t a r  o i l  i n  run 5. The used 
tubes from a l l  runs d i d  n o t  have any n o t i c e a b l e  carbon deposi ts ,  even a f t e r  13  hours 
ope ra t i on .  The r e l a t i v e l y  low o p e r a t i n g  temperature o f  400°C was probably  h e l p f u l  
i n  t h i s  regard, and i t  seems reasonable t o  assume t h a t  the c leansing a c t i o n  o f  the 
d i f f u s i n g  hydrogen, as descr ibed by Rudd ( I ) ,  was opera t i ve .  Only smal l  amounts o f  
hydrocarbon gases were detected i n  t h e  gas i n  the  tub ing ,  i n d i c a t i n g  t h a t  l i m i t e d  
c rack ing  has occurred, whether hyd roc rack ing  o r  thermal crack ing.  Typ ica l  concentra- 
t i o n s  observed were 0.14 volume percent  methane and 0.03 volume percent  ethane, t h e  
remainder be ing the hydrogen r e q u i r e d  to ma in ta in  the  1,000 p s i g  tube-s ide pressure. 

2. Runs w i t h  Pure Compounds i n  N i  Tubes. A s e r i e s  o f  s i x  t e s t  runs (runs 6 through 
1 1 )  on  the hydrogen p e r m e a b i l i t y  o f  t h i n  w a l l  nickel-ZOO t u b i n g  a t  va r ious  tempera- 
tu res  and d i f f e r e n t i a l  pressures, and on t h e  degree o f  hydrogenat ion o f  f o u r  d i f f e r -  
e n t  pure p o l y c y c l i c  a romat i c  compounds used as model compounds was l i k e w i s e  con- 
ducted. The hydrogen d i f f u s i v i t i e s  were measured from the  s h e l l  s i d e  t o  the i nne r  
t u b i n g  s ide  ove r  the  s h e l l  t o  t u b i n g  pressure d i f f e r e n t i a l  range o f  300 t o  1,700 ps ig ,  
and temperatures o f  400" and 450". 
d i f f u s i n g  through the  w a l l  a t  a Ap o f  300 p s i g  was e s s e n t i a l l y  zero. The HP f l ow  
through the w a l l  increased r a p i d l y  w i t h  i nc reas ing  Ap, l e v e l i n g  o f f  a t  about 0.45 
1 i t e r s / h r  a t  400'C and 1,500 p s i g  Ap, and about 0.65 1 i t e r s / h r  a t  450 C"and 1,700 
p s i g  Ap. 

A t  b o t h  temperatures the  amount o f  hydrogen 

The ins ide  o f  t h e  n i c k e l  t u b i n g  was s u l f i d e d  by r e a c t i n g  a t  400°C w i t h  about 
X-ray d i f f r a c t i o n  8 cu. ft. o f  a 50-50 m i x t u r e  o f  hydrogen s u l f i d e  and hydrogen. 

ana lys i s  showed the p r i n c i p a l  component t o  be n i c k e l  subsu l f i de .  The inne r  su r face  
was covered w i t h  a very rough t e x t u r e  o f  t i n y ,  dark grey c r y s t a l l i t e s  o f  t h i s  
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mate r ia l .  
Benzothiophene was added t o  a l l  l i q u i d  feeds i n  o rde r  t o  ensure maintainance of  t h i s  
s u l f i d e d  surface. SEM ana lys i s  gave 0.2 um as a t y p i c a l  c r y s t a l l i t e  s i ze .  

There was no s i g n i f i c a n t  decrease i n  hydrogen p e r m e a b i l i t y  a f t e r  S u l f i d i n g .  

Phenylcyclohexane was chosen as the so l ven t  f o r  t h e  model compounds because o f  
i t s  presumed r e l a t i v e  i ne r tness  and because i t  i s  a l i q u i d  a t  room temperature. 
Runs were made w i t h  about 5 t o  about 13 weight  percent  o f  each o f  t h e  fou r  model 
compounds d i sso l ved  i n  t h i s  so l ven t .  The Ap was 700 o r  750 p s i g ,  w i t h  the inner  tube 
pressure about 1.000 ps ig .  Temperatures o f  290, 340, 400 and 450°C were used, gen- 
e r a l l y  w i t h  a feed residence t i m e  o f  about 1 hour, and u s u a l l y  somewhat less than the  
s t o i c h i o m e t r i c  hydrogen requ i red  f o r  complete hydrogenat ion o f  t h e  cmponents present .  
Table 3 shows t h e  r e s u l t s  f o r  gas chromatographic analyses o f  t h e  products. There 
was a general t r e n d  t o  g rea te r  hydrogenat ion w i t h  h i g h e r  temperature and longer  res -  
idence t i m e ,  as would be expected. 

Porous N i  cke 1 -Mo 1 yb denum Reactors 

1 .  Runs w i t h  Pure Compounds i n  Ni-Mo Tubes. The run c o n d i t i o n s  a r e  summarized i n  
Table 4 f o r  theNi-Mo tub ing  reactors .  The r e s u l t s  f o r  t he  gas chromatographic a n a l y s i s  
of the rece ive r  product  f o r  runs 12 and 13 w i t h  pure compounds a r e  s h w n  i n  Table 5. 
A t  low hydrogen pressure (650 p s i g )  i n s i d e  t h e  tub ing,  w i t h  about 4.5 p s i g  d i f f e r e n t i a l  
pressure f o r  d i f f u s i n g  the hydrogen through the pores o f  the tub ing  from t h e  s h e l l  
s ide,  t he re  was s u b s t a n t i a l  r e a c t i o n  of  t h e  phenanthrene (45% convers ion)  and t h e  
benzothiophene (27% conversion). Biphenyl i n  the  product  probably  came from hydro- 
genolys is  o f  dihydrophenanthrene. The alkylbenzenes came i n  p a r t  f rom the phenanthrene 
and benzothiophene b u t  probably  a l s o  from hydrogenolys is  o f  t he  so l ven t ,  phenylcyc lo-  
hexane. High y i e l d s  o f  alkylbenzenes were ob ta ined  i n  the  t h i n - w a l l  n i c k e l  tube runs 
i n  the absence o f  phenylcyclohexane (Table 2). 
( I  ,350 p s i g )  enough of the i n te rmed ia te  d i -  and tetrahydrophenanthrenes were produced 
t o  be detected, and the  amount o f  b iphenyl  increased. The apparent increase i n  t h e  
amounts o f  phenanthrene and benzothiophene was due t o  loss o f  v o l a t i l e s ,  probably  
most ly  benzene, as shown by the  unexpectedly low y i e l d  o f  t h i s  product .  As w i l l  be  
seen f o r  the r e s u l t s  from t h e  comparable runs a t  these pressures w i t h  t a r  o i l  as feed, 
t h e  m s t  reasonable es t ima te  i s  t h a t  t he  amount o f  convers ion was doubled upon 
doubl ing the pressure,  as i n d i c a t e d  by the  y i e l d s  o f  to luene,  xylenes, and b ipheny l .  

A t  the h i g h e r  hydrogen pressure 

I n  two runs w i t h  pure compounds, des ignated 1 3 - S  and 14-5, a t  t h e  run cond i t i ons  
shown f o r  runs 13 and 14 i n  Table 4, product  from the  t o p  ( e x i t )  end of the c a t a l y s t  
tube dra ined down the ou ts ide  o f  t h e  tube i n t o  the  c o l d  lower  p o r t i o n  o f  t h e  pressur-  
i zed  s h e l l ,  f rom which i t  was dra ined a t  t h e  conclus ion of t h e  run, r a t h e r  than from 
the  product rece ive r .  It was observed i n  these runs under these p a r t i c u l a r  ope ra t i ng  
cond i t i ons  the re  was even g rea te r  convers ion t o  benzene, alkylbenzenes, and b iphenyl .  
The dihydrophenanthrene was l a r g e l y  conver ted t o  b ipheny l  under these cond i t i ons ,  
b u t  i n  so doing the  i n te rmed ia te  methy lb iphenyl  was produced in  l a r g e  enough amount 
f o r  detect ion.  The amount o f  convers ion was increased upon decreas ing the LHSV from 
20.0 t o  13.3, i.e., upon inc reas ing  the  residence t ime f rom 3.0 t o  4.5 minutes, as 
i nd i ca ted  by the  y i e l d s  o f  toluene, xylenes, and b ipheny l .  The p roduc t i on  o f  
naphthalene i n  t h i s  run would i n d i c a t e  the  fo rma t ion  o f  t h e  i n te rmed ia te  te t rahy -  
drophenanthrene, b u t  none c o u l d  be  detected. 

2. Runs w i t h  Tar O i l  Feed i n  Ni-Mo Tubes. The r e s u l t s  f o r  t he  gas chromatographic 
ana lys i s  o f  t h e  r e c e i v e r  product  f o r  runs 15 and 16 w i t h  coa l  t a r  creosote o i l  feeds 
a r e  shown i n  Table 6. I n  run 15 considerable t o t a l  hydrogen s u l f i d e  was evolved, 
showing t h a t  t he  0.6 w t .  % s u l f u r  i n  the  feed was i n s u f f i c i e n t  t o  ma in ta in  a heavy 
s u l f i d e  coa t ing  i n s i d e  t h e  nickel-molybdenum tub ing .  Th is  was probably  because t h e  
hydrogen p e r m e a b i l i t y  o f  t h e  Ni-Mo tub ing  was so h i g h  as i n d i c a t e d  by the pressure 
d i f f e r e n t i a l s  o f  o n l y  5 t o  10 p s i g  (Table 41, compared t o  700 p s i g  f o r  the t h i n - w a l l  
n i c k e l  t ub ing  (Table 1 ) .  Nevertheless, a s i g n i f i c a n t  convers ion o f  var ious feed 
components was observed. MoSz, molybdenum d i s u l f i d e ,  a known hydrogenat ion c a t a l y s t ,  
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was present  i n  the Ni-Mo tube, as w e l l  as N i 3 S 2 .  

a l s o  shown, 
The presence o f  MoNih a l l o y  was 

Analys is  of the  product  gas from run 15 showed 0.29 vo l .  %hydrogen  s u l f i d e ,  
whereas the gas from run 16 had no de tec tab le  HzS,  showing t h a t  the metal s u l f i d e  
l a y e r  had s t a b i l i z e d  w i t h  the  smal l  s u l f u r  content  o f  t h e  feed. The hydrocarbon 
i n  l a r g e s t  q u a n t i t y  i n  the  gas f rom run  15 was propane a t  0.14 vo l .  %. 
seem t o  i n d i c a t e  hydrocrack ing o f  the  s a t u r a t e d  r i n g s  o f  hexahydropyrene t o  y i e l d  
propane and naphthalene, or propane, ethane, and methylnaphthalene. 
t h a t  t he  pr imary product  was methylnaphthalene i n  run 15. The product  gas f rom run  
16 showed methane a t  2.67 vo l .  %, and ethane a t  0.26 vo l .  % to  be t h e  hydrocarbon 
gases i n  the l a r g e s t q u a n t i t i e s .  This would seem t o  i n d i c a t e  hyd roc rack ing  o f  t he  
sa tu ra ted  r i ngs  o f  tetrahydroacenaphthene t o  produce these gases and alkylbenzenes. 
Table 6 shows t h a t  t he  pr imary reac tan t  was acenaphthene,with tetrahydroacenaphthene 
and a lky lbenzene the  major products .  

Th is  would 

Table 6 shows 

These p o s s i b l e  r e a c t i o n  mechanisms, and o the rs ,  a re  shown i n  F igu re  2. The hy- 
drogenated d e r i v a t i v e s  o f  pyrene and f luoranthene c o u l d  n o t  be detected, and so a r e  
shown i n  brackets .  However, tetrahydroacenaphthene (Table 61, dihydrophenanthrene 
(Table 51, and tetrahydrophenanthrene (Table 5)  were a l l  found i n  s i g n i f i c a n t  
quan t i  t i e s  when us ing the porous nickel-molybdenum tub ing  reac to rs .  The on ly  reason- 
a b l e  source f o r  the pentane found by GC would be the  hydrocrack ing o f  phenylcyclohexane. 
Qader and H i  1 1  
t e t r a l i n  -f benzenes. 
two conversion sequences f o r  phenanthrene. F1 uoranthene a l s o  has t h e  sequence lead- 
i n g  t o  te t rahyd ro f l uo ran thene  and then, by hydrocrack ing,  t o  methy lb iphenyl .  

Porous Cobal t-Molybdenum Reactors 

(4) have shown the  sequence pyrene -t hydropyrenes -+ naphthalenes -f 

As mentioned p rev ious l y ,  Wu and Haynes (10) have o u t l i n e d  t h e  

Runs were made us ing the  porous cobalt-molybdenum tub ing  f a b r i c a t e d  a t  ORNL and 
pure compounds (phenanthrene and benzothiophene) d i sso l ved  i n  phenylcyclohexane. The 
inne r  sur face o f  the t u b i n g  was s u l f i d e d  b e f o r e  use i n  the  same manner as f o r  t he  
nickel-molybdenum tubing.  The o p e r a t i n g  c o n d i t i o n s  and t h e  r e s u l t s  f o r  gas chromato- 
g raph ic  ana lys i s  o f  t he  products, a r e  summarized i n  Table 7. 

The respec t i ve  run nunhers, weight  o f  feed m a t e r i a l  (g), pump r a t e  (g /hr ) ,  and 
t o t a l  run t ime (hr )  were: 17, 32.82, 45, 2.00; 18, 189.4, 50.49, 2.25; 19, 239.2, 
26.3, 2.50. 
the Ni-Mo reactors ,  the respec t i ve  run numbers, average hydrogen f l o w  ( l / h r ) ,  and 
t o t a l  hydrogen f l o w  (1) being: 17, 4.7, 9.4; 18, 7.2, 16.3; 19, 5.64, 14.1. 

The hydrogen f lows f o r  t he  Co-Mo reac to rs  were ve ry  s i m i l a r  t o  those f o r  

A comparison o f  t h e  r e s u l t s  f o r  t h e  porous Ni-Mo reac to rs  i n  Table 5 w i t h  
those f o r  the porous Co-Mo reac to rs  i n  Table 7 shows t h a t  the reac t i ons  o f  t h e  pure 
compounds were s i m i l a r ,  b u t  t he  s u l f i d e d  Co-Mo appeared t o  have a l i t t l e  g rea te r  
a c t i v i t y  than t h e  s u l f i d e d  Ni-Mo, a t  t he  same approximate temperature and pressure,  
f o r  t h e  p roduc t i on  o f  dihydrophenanthrene and i t s  hyd roc rack ing  products ,  d imethy l -  
b ipheny l ,  methy lb iphenyl ,  and b iphenyl ,  and t h e  p roduc t i on  o f  tetrahydrophenanthrene, 
and i t s  c rack ing  product, naphthalene. 

Hydrogen Permeabi 1 i t y  

It was n o t  p o s s i b l e  to  measure hydrogen p e r m e a b i l i t y  o f  t h i n - w a l l  n i c k e l  t u b i n g  
du r ing  a run, because o f  t h e  r e l a t i v e l y  low r a t e  o f  hydrogen f low,  and p e r m e a b i l i t i e s  
had t o  be measured beforehand w i t h  the empty tub ing,  making hydrogen s to i ch iomet ry  
c a l c u l a t i o n s  d i f f i c u l t .  However. d i r e c t  hvdroaen f l o w  measurements cou ld  be made , -  

d u r i n g  the runs w i t h  t h e  porous n icke l -molybdenumtubing (Table 4) f o r  
t he  amounts requ i red  f o r  any presumed s e t  of hydrogenat ion react ions.  
c e r t a i n  react ions,  such as . the hyd roc rack ing  o f  t he  phenylcyclohexane 
54 t o  89% o f  t h e  a v a i l a b l e  hydrogen was consumed i n  t h e  pu re  compound 
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t o  90% i n  the  t a r  o i l  runs. 
act ions,  i t  appears t h a t  e s s e n t i a l l y  a l l  hydrogen was consumed except t h a t  requ i red  
t o  ma in ta in  pressure on the  i n s i d e  o f  t h e  tub ing.  
t h e  porous Ni-Mo tub ing  a l lowed economical ly  low feed res idence t imes o f  on l y  3.0 
t o  12.6 minutes. 

When es t ima t ions  a r e  a l l owed  f o r  these neglected re -  

The h i g h  hydrogen f l o w  ra tes  w i t h  

A s i m i l a r  s i t u a t i o n  e x i s t e d  f o r  t h e  Co-Mo tub ing.  

As long as hydrogen flow was mainta ined through the  t u b i n g  w a l l ,  t h e r e  was never 
any i n d i c a t i o n  o f  carbon deposi ts ,  even a f t e r  many hours use on successive runs. 
However, i n  one instance, a t  t h e  t e r m i n a t i o n  o f  run I 6  a t  400°C. t h e  pressure d i f f e r -  
e n t i a l  o f  IO p s i g  H2 f rom the  s h e l l - s i d e  t o  the  tub ing -s ide  was l o s t ,  a l l o w i n g  the  
t a r  o i l  feed t o  pene t ra te  t h e  pores under cond i t i ons  of poor  c o n t a c t  w i t h  hydrogen. 
A heavy carbonaceous depos i t  was produced, t y p i c a l  of ex tens i ve  crack ing.  
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TABLE 3, React ion  o f  D i f fused Hydrogen w i t h  
Pure Compounds i n  T h i n  Wal l  N i  Tubing 
w i t h  N i s S z  Coat ing ,  about 1,000 P S l G  

S o l v e n t  = Phenylcyc lohexane 

Run Temp. , 
No. O C  LHSV Compound 

6 290 1 .o Benzothiophene 

7 290 1 .o Phenanthrene 
Benzothiophene 

Benzothiophene 

Benzoth iophene 

8 290 1 .o Acenaph thene 

9 340 1 .o F luorene 

10 400 1.2 Phenanthrene 
Benzothiophene 

Benzothiophene 
11 450 0.51 Phenanthrene 

Weight % 

Feed Product  Hydrogenated 

5.74 4.68 19 

7.58 6.36 16 
6.22 5.11 18 

7.67 4.98 35 
6.25 5.63 IO 

7.79 5.13 21 
6.09 5.30 13 

12-97 7.70 41 
7.06 4.79 32 

5.21 2.62 50 
5.10 2.23 56 

TABLE 4.  Opera t ing  C o n d i t i o n s  f o r  Porous N i c k e l -  
Molybdenum Tub ing  Hydrogen Permeable 

C a t a l y s t  Reactors  a t  400°C 

Run No. 

S u l f i d i n g  Condi t ions,  
I n t e r n a l  Sur face 

Feed M a t e r i a l  

W t .  o f  Feed M a t e r i a l ,  g 

Pump Rate, g /h r  

T o t a l  Run Time, h r s  

Residence Time i n  
C a t a l y s t  Tubing. rnin 

Pressure  I n s i d e  Tubing, 
P s i 9  

Pressure  D i f f e r e n t i a l  
( s h e l l  t o  t u b i n g ) ,  p s i g  

Hydrogen Flow, l i t e r s / h r  

12 13 14 15 16 

50% HZ ; 50% HzS, 4 hours a t  4OO0C, t o t a l  gas f l o w  = 

Phenylcyc lohexane,  Phenanthrene F i l t e r e d  R e i l l y  

150.0 160.1 205.2 267.7 114.4 

56.2 64.0 41 .O 48.6 57.2 

1 .G3 1.25 1.5 1.9 2.0 

3.0 3.0 4.5 12.6 10.2 

8 f e e t  

Benzothiophene ( v a r i o u s  p r o p o r t i o n s )  Tar  O i  1 

650 1,350 1,350 767 1,380 

4.5 10.0 10.0 8.5 10.0 

6.26 5.56 4.50 5.40 5.1.0 

5a 



TABLE 5. React ion o f  Pure Compounds a t  400°C w i t h  Hydr,ogen 
D i f f u s i n g  Through Porous Nickel-Molybdenum Tubing 

w i t h  a S u l f i d e d  Inne r  Wal l  

Feed: 4.52 w t .  % benzothiophene 
10.17 wt. % phenanthrene 
(sol vent  : pheny 1 cyclohexane) 

Run No. 

Pressure, p s i g  1350 

LHSV 20.0 20.0 

Benzene 
To 1 uene 
Xylenes 
Trimethylbenzenes 
Biphenyl 
D i hydrophenanthrene 
Tetrahydrophenanthrene 
Phenanthrene 
Benzothiophene 

16.56 0.69 
0.63 1.49 
1.77 3.33 
0.06 0.97 
0.58 1.28 
0.00 2.26 
0.00 1.09 
5.60 12.03l 
3.29 7.97l 

I 

'High, due t o  l oss  o f  v o l a t i l e s ,  mos t l y  benzene. 

TABLE 6.  React ion o f  Coal Tar Creosote O i l  a t  400°C 
w i t h  Hydrogen D i f f u s i n g  Through Porous N icke l -  

Molybdenum Tubing w i t h  S u l f i d e d  Inner  Wall 

Composit ion 

Run No. 
LHSV 
Pressure, p s i g  

Reactants - Feed 

Acenaphthene 8.61 
Phenanthrenes' 20.01 
Pyrene 6.68 
Fluoranthene 5.83 

Tota l  

P roduc ts  

Benzene 0.00 
To1 uene 0.10 
i y l e n e s  0.16 
lndan 1.23 
T e t r a  1 i n  1.15 
Methylnaphthalenes 11.70 
Tetrahydroacenaphthene 0.00 

Tota l  

15 
4.8 
767 

Rece i ve r 
Product 

19.06 
4.30 
4.81 

8.45 

0.21 
0.10 
0.20 
1.57 
1.60 

14.56 
0.34 

Decrease 

0. I6 
0.95 
2.38 
1.02 
4.51 

Increase 

0.21 
0.00 
0.04 
0.34 
0.45 
2.86 
0.34 
K-Z  

'Phenanthrene p l  US rnethylphenanthrenes. 
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Weight % 

Feed 

8.23 
20.77 

5.59 
5.99 

- 

0.00 
0.33 
0.21 
1.99 
1.45 
9.29 
0.00 

16 
5.9 
1,380 

Rece i ver  
Product 

4.03 
18.44 
3.52 
4.09 

1.52 
2.22 

3.06 
2.15 

10.91 
1.85 

2.03 

Decrease 

4.20 
2.33 
2.07 
1 .go 

10.50 

Increase 

1.52 
1.89 
1.82 
1.07 
0.70 
1.62 
I .85 

- 

10.47 



TABLE 7. React ion of Pure Compounds w i t h  Hydrogen 
D i f f u s i n g  Through Porous Cobalt-Molybdenum 

Tubing w i t h  S u l f i d e d  Inner  W a i l  

So lvent  = Phenylcyclohexane 

Run No. 
Temp., " C  
Pressure i n s i d e  

tube, p s i g  
Pressure, d i f f -  
e r e n t i a l ,  p s i g  

Residence t ime,  min. 
LHSV 

17 
350 

750 

20 
11.4 
5.3 

18 
400 

728 

9.0 
10.2 
5 . 9  

Composition, Weight 8 

19 
400 

1,495 

7.0 
19.2 
3.1 

Pentane 
Benzene 
To1 uene 
Xy 1 enes 
T r  i m e t  hy 1 benzenes 
Naphthalene 
B i pheny 1 
Methy 1 b i  pheny 1 
O i  methy 1 biphenyl 
D i  hydrophenan threne 
Te t rahydrophenan t hrene 
Phman threne 
Ben z o t  h i op hene 

Feed 

0.00 
0.64 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

11.82 
4.42 

- Product  

0.00 
6.91 
0.02 
1.93 
0.00 
0.62 
0.00 
0.00 
0.00 
0.00 
0.00 
5.05' 
4.42' 

60 

Feed 

0.00 
0.60 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

12.12 
4.51 

- Product 

2.73 
7.54 
4.73 
6.36 
1.13 
4.68 
3.46 
0.00 
0.00 
0.05 
0.00 
5-70'  
5.40' 

-- Feed 

0.00 
1.75 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

13.28 
5.27 

- Product 

0.00 
0.03 
0.08 
1.74 
0.59 
2.20 
4.49 
0.99 
1.12 
5.97 
2.08 

23.74: 
5.28 

P 

1 
I 
I 

P 
I 

I 

I 
I 

I 

I 

I 

I 

'High, due t o  loss of v o l a t i l e s ,  p r i m a r i l y  pentane and benzene. 
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